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Preface 


Crop losses by pests (insects, diseases and weeds) are as old as plant themselves but 
as agriculture are intensified and cropping patterns including the cultivation of high 
yielding varieties and hybrids are changing over time the impact of the pests 
becoming increasingly important. Approximately less than 1000 insect species 
(roughly 600-800 species), 1500 -2000 plant species, numerous fungal, bacterial and 
nematode species as well as viruses are considered serious pests in agriculture. If 
these pests were not properly controlled, crop yields and their quality would drop, 
considerably. In addition production costs as well as food and fiber prices are 
increased. 

Despite our best efforts, estimation shows that approximately between 30 - 40 % of the 
agricultural production are lost due to pest infestation. For example in the USA 
(United States of America) overall losses of crop production estimated to be about 
37%. These reduced yields are further increased if post-harvest losses by insect and 
other pests are considered, so that in some tropical and subtropical countries, where 
climate conditions favour the damaging function of pests, over 50% of the yield may 
be lost due to pests. Thus, it is not uncommon to find places that presence of an insect 
or a pathogen limits or completely inhibits agricultural practices. Moreover, some 
insect are vectors of most devastating diseases which afflict plants and even mankind. 
The impacts of these diseases transferred by vectors on losses of the crops and human 
lives are enormous. 

Considerable attempts including agricultural, mechanical, chemical, biological, 
biotechnological and IPM (integrated pest management) approaches have been 
practiced to mitigate the effect of these pests in agriculture. However, Efficacy of crop 
protection practices against plant pests was variable worldwide ranging from a few to 
higher than 70%. Thus, the percentage of losses prevented ranged from 30 - 35% in 
Central Africa to about 70 % in Northwest Europe. In East Asia, North America and 
South Europe efficacy was reported to be about 50-60%. Efficacy of crop protection has 
increased in recent years due to the use of selective and effective pesticides, the use of 
genetically modified crops especially in North and South America as well in Asia, 
where China is the country with the highest amount of land under GMOs (Genetically 
modified organisms) culture, and implementation of IPM program and better training 
of farmers by governmental and nongovernmental organization (NGOs). Although 
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acceptable level of pesticide use is appropriate, in some regions inappropriate and 
excessive pesticide use (especially insecticide) led to increased pest outbreaks, pest 
resistance, secondary pest outbreaks, environment and food contamination. However, 
it should be mentioned that pesticide are irreplaceable in some agricultural products at 
present since efficacy and reliability of bio-control agents are limited but reliance on 
pesticides could be reduced using IPM programs. The current book is going to put 
Plant Protection approaches in perspective. Thus, the aim was to put forward new 
ideas in order to give scientists up to date knowledge regarding plant protection 
strategies. The book is designed in the following 11 chapters: 

• Toward Sustainable Pest Control: Back to the Future in Case of Kazakhstan 

• Integrated Pest Management in Chickpea 

• Honeybee Communication and Pollination 

• Managing Threats to the Health of Tree Plantations in Asia 

• Toxicity of Aromatic Plants and Their Constituents Against Coleopteran Stored 
Products Insect Pests 

• Trail Pheromone in Pest Control 

• Exploiting Plant Innate Immunity to Protect Crops Against Biotic Stress: 
Chitosaccharides as Natural and Suitable Candidates for this Purpose 

• Interaction Between Nitrogen and Chemical Plant Protection in Yield Formation 
of Cereal Crops 

• Advances in Micropropagation of a Highly Important Cassia species- A Review 

• Lectins and Their Roles in Pest Control 

• Plant Proteinaceous a-Amylase and Proteinase Inhibitors and Their Use in Insect 
Pest Control 

It is hoped that current book will strengthen the case of plant protection using non 
chemical methods. 


Ali R. Bandani 

Plant Protection Department 
University of Tehran, Tehran 
Iran 
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Toward Sustainable Pest Control: 
Back to the Future in Case of Kazakhstan 

Kazbek Toleubayev 
The Kazakh Research Institute for Plant Protection and Quarantine 

Kazakhstan 


1. Introduction 

Problems related to pest control and pesticide use in agriculture can be found in similar 
forms across the world. Worldwide, crop production losses from agricultural pests average 
35-40% before harvest and 10-15% after harvest (e.g. Oerke et al., 1994; Struik & Kropff, 
2003). After the introduction of synthetic pesticides after World War II, agriculture in many 
countries became reliant on chemical pest control. In the 1960s, the environmental and 
health problems became apparent, as did the problems of pests becoming resistant to 
pesticides and the destruction of natural enemies leading to pest resurgence and secondary 
pest outbreaks. Farmers often use pesticides injudiciously, and find themselves caught on a 
pesticide treadmill, which increases the social, environmental and economic costs of 
chemical control (Bale et al., 2008; Carson, 1962; Kishi, 2005; Palladino, 1996; Perkins, 1982; 
Pretty & Waibel, 2005). These problems with pesticides gave way to the Integrated Pest 
Management (IPM) approach, which utilises ecological principles to manage agro¬ 
ecosystems in an economically and environmentally sustainable fashion (Kogan, 1998,1999; 
Morse & Buhler, 1997; Struik & Kropff, 2003). IPM has become an alternative approach to 
exclusive reliance on pesticides as the sole means of pest control (Van Huis & Meerman, 
1997). This change in approach has been quite widely accepted, although not universally. 

This chapter explores the case of Kazakhstan where integrated pest management, once 
widely practised, has given way to an exclusive reliance on pesticides. IPM/ecology-based 
pest-control approaches were extensively developed and practised in the 1970s and 1980s in 
the USSR, which Kazakhstan was then part of. The USSR was an early adopter of IPM. This 
changed dramatically in Kazakhstan after 1991 with the fall of the Soviet system, when 
sustainable approaches to pest control were substituted by an exclusive focus on chemical 
pest control. This has given rise to indiscriminate pesticide use. The focus of plant protection 
research also shifted from IPM/ecology-based studies to pesticide testing. 

The startling point of this study is to examine this paradox that, at the moment, when 
Kazakhstan became more strongly incorporated in a world that sees sustainable production 
methods and ecologically-friendly pest control as an important priority the country 
abandoned an IPM approach to pest control. To date, no literature has addressed this shift 
and looked for reasons behind abandoning the ecological approaches for pest control 
developed and practised in the past. This paradox leads us to the central research question 
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of this chapter: Why did the shift occur from an IPM/ecology-centred to pesticide-centred 
pest-control perspective in Kazakhstan after 1991? 

The focus on one particular field of agricultural research and practice, namely plant 
protection, is instructive for exploring wider political, socio-economic and technological 
issues. The study of plant protection perspectives in Kazakhstan in two different socio¬ 
economic and political formations reveals the crucial role of state organization and public 
and market institutions in shaping pest-control perspectives. It puts upfront the issue as to 
which elements of scientific knowledge and knowledge/skill configurations have to be 
preserved when dramatic political-economic changes tend to undermine the dynamic 
development and application of science. 

2. Conceptual framework 

The conceptual focus of this chapter is mainly on transition, public goods, collective action, 
integrated pest management and knowledge. 

2.1 Transition 

In the 1990s, the world witnessed an unprecedented scale of price liberalization, 
privatization and deregulation in the countries of Central and Eastern Europe and the 
former Soviet Union. After the collapse of the USSR in 1991, Kazakhstan became influenced 
by neoliberal ideology and was drawn into a transitional process towards a free market 
economy (World Bank, 1993). The concept of transition was theoretically viewed as an 
economic, social and political transformation towards a free market economy and 
democracy (Sasse, 2005; Spoor, 2003; Svejnar, 2002; Tanzi, 1999). Markets appeared, though 
not in the form envisioned in theoretical prescriptions, and new political regimes emerged, 
though not necessarily democratic. The failure of neoliberal prescriptions (liberalize, 
privatize and deregulate) has become evident in many countries, where the invisible hand 
of the free market has not been able to regulate the economy for the benefit of its people and 
national interests have not been served (Harvey, 2003, 2005; Henry, 2008). Now, especially 
after the global financial crisis, from the autumn of 2008 onwards, it is increasingly accepted 
that only a visible state with well-defined functions is able to regulate the market so that it 
serves common interests. Currently, many societies are seeking a new balance between state 
and market institutions. 

The process of transition from a state-centred to a neoliberal economic formation points to 
the importance of studying the extent to which the new socio-economic configuration that 
emerged after 1991 in Kazakhstan influenced changes in technological thinking and 
practices, such as plant protection. 

2.2 Public good 

This chapter conceptualizes the development and promotion of sustainable ecology-based 
plant protection approaches as a public good, even though many on-farm pest-control 
activities have to be dealt with privately. A public good is any good that, if supplied to 
anybody is necessarily supplied to everybody, and from whose benefits it is impossible or 
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impracticable to exclude anybody (McLean & McMillan, 2003). In other words, public goods 
are non-exclusive and non-rivalled (Kaul & Mendoza, 2003; Scott & Marshall, 2005). In most 
cases, the state provides a public good, e.g., national defence or a fire service. 

There are three reasons to support the notion that the development and promotion of 
ecologically sound methods and technologies for pest control is a public good. First, when 
national food and/or health security is at stake research on, and control of, highly harmful 
pest organisms, including quarantine and migratory ones, becomes the task of public 
institutions (e.g. Perrings, et al. 2002; Toleubayev et al, 2007; Toleubayev et al., 2010b). 
Second, investment in, and the development and promotion of environmentally friendly 
pest-control measures, resolves several problems associated with chemical control - the 
pollution of the environment, health hazards during application and pesticide residues in 
food that affect the health of people (Kishi, 2005). Third, considerable resources are 
necessary to develop and promote long-term ecologically sound methods and technologies 
of pest control and, to a large extent, only the state can afford this (Pretty & Waibel, 2005). 
Hence, the concept of public good is essential for analysing the shift from an IPM/ecology- 
based perspective to one based on the use of pesticides in Kazakhstan after 1991. 

Problems caused by agricultural pests are significant - from outbreaks of highly destructive 
migratory insect-pests (e.g. locusts) to crop diseases causing epiphytotics (epidemics) across 
vast cropping areas (e.g. stem rust). These pest organisms recognise no frontiers, can 
devastate thousands of hectares of crops and pose a threat to national food security. 
Individual farmers cannot monitor such pest organisms or develop ecologically sustainable 
and environmentally friendly preventive and/or protective measures against them. Thus, 
these activities very often require formalized knowledge systems and collective (concerted) 
action from government offices, researchers, extensionists and farmers. 

2.3 Collective action 

Collective action in the spheres of agriculture, environment and development can take 
various forms (e.g. Agrawal, 2003) and there is disagreement about how to distinguish 
between different forms of collective action (Meinzen-Dick et al., 2004; Poteete & Ostrom, 
2004). Contemporary issues in this area largely focus on the management of common-pool 
resources, which are discussed in relation to processes of the decentralization of central state 
control over natural resources (Agrawal & Ostrom, 2001; Acheson, 2006), and the large-scale 
political activism of social movements (Edelman, 2001; Hargrave & Van de Ven, 2006). 
Collective action can emerge in situations where uncoordinated individual actions may not 
result in the best outcome (McLean & McMillan, 2003). 

One illustrative example is uncoordinated pest control in a farming community. If one 
farmer controls pests on his/her plot but the neighbour does not, then pest organisms 
accumulate on uncontrolled fields and subsequently re-infest adjacent plots where control 
measures were carried out. Thus the efforts of the farmer who carried out control measures 
fail. Equally if the timing of control measures is different on neighbouring fields this also 
may result in unsuccessful pest control, because one farmer carries out control measures too 
early and the other neighbour is too late in controlling pests. Therefore, an optimal control 
time needs to be set and neighbouring farmers should agree on appropriate control methods 
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and synchronize their plant protection activities. In many cases, this requires the 
involvement of plant protection professionals. Furthermore, problems associated with 
agricultural pests and pesticides frequently require collective action at a higher level than 
that of individual farmers' fields. 

Collective action involves a group of people with a shared interest who are prepared to take 
some kind of common action in pursuit of that shared interest (Meinzen-Dick et al., 2004). 
This chapter does not address many of the models or concepts, e.g. such as a game theory, 
prisoner's dilemma, free-riding or rational behaviour often associated with the term 
'collective action' (Harding, 1982; Olson, 1971; Sandler, 1992). Instead, it simply 
conceptualizes collective action as joint and concerted action from policymakers, plant 
protection researchers and practitioners, service and input providers and agricultural 
producers in order to deal with pest and pesticide problems. Equally, the phrase Toss of 
collective action' is used in this chapter to imply the shift from an IPM/ecology-based to 
pesticide-based pest control, as happened in Kazakhstan after 1991. 

2.4 The knowledge-intensiveness of Integrated Pest Management 

One could argue that the concept of collective action underlies recent developments in 
participatory approaches to Integrated Pest Management (IPM), often through Farmer 
Field Schools (FFS), where farmers obtain knowledge about the ecology and functioning 
of their own agro-ecosystems (e.g. Norton et ah, 1999; Van den Berg, 2004; Van den Berg 
& Jiggins, 2007). 

IPM-based pest control needs to be incorporated into everyday farming routines through 
explicitly knowledge-based plans for action. Integrated pest management, as any 
knowledge domain, requires certain skills, often of a highly specialized nature, on the part 
of the practitioner and user of the knowledge (Holzner & Marx, 1979). For this reason, the 
role of plant protection professionals and facilitators is very important in promoting IPM 
knowledge in farming communities (Flint & Gouveia, 2001; Morse & Buhler, 1997; Van den 
Berg, 2004), particularly through FFSs. While it has the direct effect of reducing pesticide use 
and/or elevating yields, it also enhances farmers' technical, educational, social and political 
capabilities (e.g. Bartlett, 2004). 

IPM is a multifaceted technological approach that incorporates a wide range of sustainable 
pest-control methods (e.g. biological, agronomic and physical) to manage agricultural pests 
in complex agro-ecosystems and to reduce pesticide use (Bale et al, 2008; Kogan, 1998; 
Morse & Buhler 1997; Van Huis & Meerman, 1997; Van Lenteren, 1997). IPM is very 
knowledge-intensive (Flint & Gouveia, 2001; Morse & Buhler, 1997) and requires an 
extensive knowledge of agro-ecosystems. The knowledge-intensity of IPM is one key factor 
in explaining the decline in IPM/ecology-centred approach and the rise in to pesticide- 
centred approach to plant protection in post-1991 Kazakhstan. 

3. Integrated plant protection in Soviet time 

The term IPM is broadly used in English publications and the Russian equivalent - 
Integrirovannaya Zashita Rastenii- literally Integrated Plant Protection (IPP) has a similar 
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meaning. The IPM approach emerged in the 1960s as a response to the severe problems 
caused by the overuse of pesticides in northern America (Morse & Buhler, 1997; Palladino, 
1996; Perkins, 1982) and has since been continuously developed and promoted in many 
countries (e.g. Bruin & Meerman, 2001; Morse & Buhler, 1997; Sorby et al., 2003). Similarly, 
the Soviet Union prioritised, developed and practised the IPP-based pest-control approach 
throughout the 1970 and the 1980s to avoid environmental and health hazards (Fadeev & 
Novozhilov, 1981; Shumakov et al, 1974). 

A major contribution of the IPM approach to agriculture has been to demonstrate the need 
to base all phases of crop production on sound ecological principles, with the ultimate goal 
of creating agro-ecosystems that are economically and ecologically sustainable. IPM 
emerged as a reaction to an overwhelming reliance on pesticides, which came to be 
recognized as a short-term solution that had far reaching negative consequences. Over the 
last four decades IPM evolved from a technical approach into a paradigm of long-term 
sustainability in agricultural production that incorporates environmental, economic and 
social aspects (Flint&Gouveia, 2001; Kogan, 1998,1999; Morse & Buhler, 1997; Norton et al., 
1999; Struik & Kropff, 2003; Van den Berg, 2004; Van den Berg & Jiggins, 2007; Van Huis & 
Meerman, 1997). 

The Soviet Integrated Plant Protection (IPP) system can be best characterised by the 
following definition chosen from a list of IPM definitions collected by Bajwa&Kogan 
(2002:14): 

Integrated Pest Management (IPM) for agriculture is the application of an interconnected set of 
principles and methods to problems caused by insects, diseases, weeds and other agricultural pests. 
IPM includes pest prevention techniques, pest monitoring methods, biological control, pest-resistant 
plants varieties, pest attractants and repellents, biopesticides, and synthetic organic pesticides. It also 
involves the use of weather data to predict the onset of pest attack, and cultural practices such as 
rotation, mulching, raised planting beds, narrow plant rows, and interseeding. 

This rather technical definition of IPM captures the broad range of an interconnected set of 
principles and methods that were utilized in the Soviet crop protection system. The Soviet 
literature (e.g. Fadeev & Novozhilov, 1981), recognised IPP as a complex approach 
incorporating biological, agronomic, physical and other methods to reduce pesticide 
applications while still effectively controlling agricultural pests. Continuous monitoring 
and forecasting of the population dynamics of pest organisms and the application of 
pesticides based on economic thresholds were at the core of pest-control activities in the IPP 
schemes. The ultimate aim of the IPP approach in the Soviet crop production system was to 
integrate all the possible environmentally friendly and safe pest-control measures. 

The Integrated Plant Protection approach was widely used in the crop production system 
of the Soviet Union, including Kazakhstan (e.g. Beglyarov, 1983; Chenkin et al., 1990; 
Fadeev & Novozhilov, 1981; Shumakov et al., 1974). Some books by Soviet authors, e.g. 
Integrated Plant Protection (Fadeev & Novozhilov, 1981) and Biological Agents for Plant 
Protection (Shumakov et al., 1974), promoting the IPP approach, have been translated from 
Russian into English by western publishers. This suggests that the western world had an 
interest in the IPM work of Soviet scientists. However, western authors barely 
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acknowledge that Soviet researchers and practitioners widely promoted IPM in the 
countries of the Soviet bloc. For example, Oppenheim (2001) reviews the use of 
alternatives to chemical control, especially biological control, in Cuban agriculture but 
makes no reference to the significant role of Soviet researchers and practitioners who 
promoted IPM in Cuba - even though Cuban plant protectionists acknowledge Soviet 
assistance in pest management issues (e.g. Perez & Spodarik, 1982). 

In the Soviet past, the Plant Protection Service (PPS) was responsible for all crop protection 
issues nationwide (Toleubayev, 2008). The unified PPS was set up in 1961 (after the decree 
of the Council of Ministers of the USSR Nal52, February 20, 1961). It emerged as a network 
of plant protection stations, including monitoring and forecasting units, spread across the 
Soviet Union and coordinated from Moscow. In the Kazakh SSR the Ministry of Agriculture 
hosted the Republican Plant Protection Station which then operated plant protection 
stations at the regional and district level. By 1978, there were 15 regional PPSs in 
Kazakhstan coordinating 206 district PPSs. Overall there were 29 biological laboratories, 16 
toxicological ones, 72 monitoring units and numerous specialised spraying teams 
(Kospanov, 1978). The network of district and regional plant protection stations was closely 
linked to crop producing farms, the agricultural research institutes and the experimental 
stations within each region. Plant protection specialists fulfilled the role of extension agents 
in the Western sense. On November 2,1970 the Ministry of Agriculture of the USSR issued a 
decree entitled 'State control of the crop protection activities in the USSR’. This empowered the 
specialists of PPS with inspection authority to control all activities concerning plant 
protection, including pesticide use. They assisted researchers to introduce research 
recommendations on farms, discussed pest-control issues with farm agro-technicians and 
managed pesticide use. Plant protectionists, including researchers, promoted the principles 
of Integrated Plant Protection. 

The IPM approach widely used within the USSR in the 1970s and the 1980s required 
detailed knowledge of complex agro-ecosystems. It also required specific institutional 
support in the form of a strong research base, plant protection extension network and 
concerted action from involved actors. IPM was backed up by significant investments into 
plant protection research and extension, training of specialists, building bio-laboratories and 
technological lines for producing bio-agents. Pesticide use was kept at low levels by 
monitoring pest organisms, forecasting their population dynamics and using appropriate 
biological and agronomic control methods based on economic thresholds and 
predator/prey ratios. IPM was promoted and implemented under the institutionalised 
guidance of plant protection professionals, including researchers. Morse and Buhler (1997) 
note that IPM is a model of what crop protection should look like and represents an ideal 
that many more would follow if they could. The Soviet system made substantial efforts in 
creating conditions conducive for IPM to work. In post-1991 Kazakhstan, hardly any of 
these conditions have been available. 

4. Post-Soviet situation in plant protection domain 

The fall of the Soviet system in 1991 and the subsequent process of neoliberalization in 
Kazakhstan had severe consequences for the public institutions involved in plant protection 
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(Toleubayev et al., 2007; Toleubayev, 2008; Toleubayev, 2009; Toleubayev et al, 2010b; 
Toleubayev et al., 2011) and, as will be shown below, for the use of Integrated Pest 
Management (IPM). This section examines the impact of the shift to market-driven 
institutions on IPM practices in Kazakhstan. 

Since the collapse of the Soviet system pesticide spraying has become the main approach 
to pest control in post-1991 Kazakhstan (Sagitov, 2002; Toleubayev, 2009). At the same 
time, inspection of pesticide residues in produce disappeared or stopped being enforced 
and the use of environmentally benign pest-control methods ceased. Why did the 
pesticide perspective become dominant both in pest-control practices and in setting the 
research agenda and why is IPM not in use anymore in post-1991 Kazakhstan? The study 
of Toleubayev (2009) takes an IPM-based pest control in the Alma-Ata region of the 
Kazakh SSR in the 1970 and the 1980s as a case study and examines the role of 
institutional support from the state in creating the conditions for implementing IPM. In 
doing so it argues that the IPM approach is knowledge-intensive and needs an 
institutional backup and concerted action for its implementation, conditions which are in 
short supply in contemporary Kazakhstan. 

With the end of collective farming (Toleubayev et al, 2010a) and the budget cuts, plant 
protection research and extension was severely weakened (Toleubayev, 2008; Toleubayev et 
al, 2010b). Numerous individual farmers emerged, most of them newcomers, who did not 
have adequate knowledge and lacked the institutional backup to organize pest-control 
activities. This vacuum created an opportunity for the pesticide industry to make farmers 
think about crop protection solely in terms of pesticide spraying. The pesticide industry has 
succeeded in setting up an infrastructure to deliver information and pesticides to farmers, 
while knowledge and information on IPM has diminished or vanished altogether. The 
interviewed plant protectionists referred to the non-agronomic background of the majority 
of current farmers as a main reason for poorly managed fields and inadequate pest-control 
activities. However, even those with a professional agronomic background may not always 
be able to grasp the complexity of pest control. 

Advanced farmers (mainly former collective farm agro-technicians) do their best to 
control pests on their own fields by using pesticides or combining it with other agronomic 
practices. However, very often their attempts to control pests do not succeed because of 
poorly managed neighbouring fields, which serve as a source of pests. The problem of 
controlling pests on separate and individual farm fields is a consequence of the break up 
of the collective crop production system. In the past, the centralized public plant 
protection service monitored and controlled pest organisms across the country, 
irrespective of administrative borders between farms, districts or regions. Nowadays 
individual farmers have to deal with pest problems themselves at the level of their own 
fields and to rely on own resources. The majority of them do not possess sufficient 
intellectual, technical and financial resources to use the IPM approach. For this reason. 
Van Huis and Meerman (1997) suggest that renewing the practical value of IPM for 
resource-poor farmers implies focusing more on IPM as a methodology and less as a 
technology and on developing appropriate pest management strategies through self- 
discovery learning processes and participatory programmes. However the new farmers in 
post-1991 Kazakhstan are not engaged in participatory programmes and are struggling 
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individually. The conditions for running such programmes and triggering learning 
process and concerted action for pest control among individual farmers have not been 
created. The more advanced farmers in Kazakhstan recognize the importance and 
necessity of collective action for inter-farm pest control, but they lack institutional support 
to promote such initiatives. The type of institutional backup that existed in the past to 
serve the collective farms has collapsed, and a new institutional framework to support 
individual farmers (except for pesticide market) has not yet been established. Moreover, it 
is very difficult to establish such an institutional base for concerted pest control since 
public initiatives and collective action have been marginalised in post-1991 Kazakhstan. 

This paper also implies that there is an increased risk that the IPM knowledge developed 
locally before 1991 will be lost. IPM schemes need to be developed locally, taking the 
dynamics of particular agro-ecosystems into account. At the same time, however, the 
principles of IPM are universal and an institutional backup is needed to reintroduce IPM 
principles into practices of the new individualised farmers. This chapter shows that this 
reintroduction depends not only on developing and communicating appropriate 
knowledge but also on the socio-economic situation that is conducive to IPM approach. 
Kazakhstan's society would benefit if the government would create favourable conditions 
for fostering the required institutional changes that can challenge the dominance of the 
networks promoting pesticides. 

There has been a dramatic shift in plant protection research agenda in the post-Soviet 
period in Kazakhstan too. Throughout the Soviet era, even in the middle of the difficult 
period of the 1930s, plant protection research served national interests. This research 
domain aimed to secure crop production against harmful agricultural pests, e.g. locusts 
(Toleubayev et al., 2007) and to develop the integrated pest management schemes 
minimizing pesticide use (Toleubayev et al., 2011). These characteristics of plant 
protection research faded away after 1991. The commodification process and the 'import 
of technology' principle all too readily dovetailed with a pest-control strategy based on 
using imported pesticides. These changes are incompatible, in their current form, with 
pest control based on IPM schemes or biological control agents, which require continuous 
examination of and adaptation to the specificities and complexities of local agro¬ 
ecosystems. Many elements of plant protection research before 1991 corresponded to the 
public good character of sustainable pest control. In post-1991 Kazakhstan, research in 
developing ecologically sound pest-control approaches is not recognized as a public good 
by policymakers. The risk is that further neglect will jeopardise the development and 
promotion of long-term, environmentally safe and ecologically balanced pest-control 
measures, thus threatening national food and health security. 

5. Lessons to be learned from locust control in Kazakhstan 

This section identifies several factors that support the argument that locust control is a 
public good requiring collective action. Locusts breed and multiply in natural habitats after 
which they migrate to agricultural areas where they destroy crops during outbreaks and 
plagues. Agricultural producers are not able to control locusts outside their private plots. 
This is why many countries treat the control of migratory and highly destructive pests as a 
public service, comparable with emergency services such as the fire-brigade and the police. 
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When faced with disasters or a common enemy, nations and international organizations, 
e.g., UN and NATO, often respond with collective action (Sandler, 1992). International 
undertakings to control the Desert Locust exemplify the need for collective action: FAO 
Regional Commissions have been established in locust affected countries in Africa, the 
Middle East and southwest Asia. In addition, locusts induce international collective action 
when they cross interstate boundaries, leading states to develop institutions and rules to 
control this transboundary movement. 

What can we learn from the history of locust control in the Soviet Union? The impact of 
Soviet technoscience is multifaceted. The literature documents periods of scientific 
stagnation, bureaucracy and the subsumption of the organization and content of science to 
political and ideological motives, exemplified by Lysenko's command of the Soviet 
Academy of Agricultural Sciences (Medvedev, 1969). Furthermore, the impact of the virgin 
land campaign and the expansion of irrigated areas, i.e., typical high-modernist projects, 
had unforeseen consequences on the amount of land suitable on which locusts could breed. 

However, the seventy years of Soviet history also show a collective response to the locust 
problem. An intensive knowledge system was coupled with an extensive monitoring and 
control system, which seems to have kept locust populations at manageable levels. Locust 
damage was largely prevented through substantial scientific research on population 
dynamics, considerable expenditure on control operations and the establishment of an 
extended network in which monitoring agencies, local practitioners and scientists 
collaborated to generate operational knowledge that led to an effective control strategy. 
Above, efforts were made to develop an ecological perspective on locusts and their control. 
Knowledge building, concerted action, habitat management, understanding ecological 
relationships and long-term analysis and planning were key features of these efforts. This 
does not mean that the system was in equilibrium. It changed continuously and there was a 
high level of model uncertainty (Peterson et al., 1997), i.e., many of the connections between 
forms of land use, climate, locust population developments, locust control measures and so 
on were uncertain. But for quite some time there was a substantial capacity for learning and 
adapting control strategies to ecosystem dynamics, which made the locust control system 
quite resilient (Walker et al., 2002). 

However, this locust control system could not cope with a fundamental uncertainty 
(Peterson et al., 1997), i.e., its dependence upon an unstable political system. The 
transformation of the political system led to a new social-technical configuration, which 
gave very low priority to locust control and changes in the agro-ecosystem. This created 
more favourable conditions for the development of a locust plague in a less desired state of 
ecosystem services (Folke et al. 2004). This new political configuration, which swept away 
concern for delivering many public goods, including pest control, led to a new dilemma 
over collective action. The official hostility to public action and the glorification of 
individualist, profit-driven and market-oriented change during the Transition Period, 
contributed to the breaking up of the organizations and knowledge structures in the field of 
plant protection. The knowledge and capability to control locusts quickly disintegrated in 
Kazakhstan after the collapse of the Soviet Union and plant protection was left to individual 
farmers. However, it was not in their individual interest, and beyond their capacity, to 
invest in monitoring and controlling locusts. This resulted in a many more farmers being 
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affected by the subsequent locust plague. In shifting to a market economy, the government 
did not recognize the dramatic impact that institutional collapse would have on the 
monitoring and control of locust populations. 

The locust plague of 1998-2001 led to a reinvention of collective action in Kazakhstan. Once 
the locusts invaded the capital top-level decision makers started to realize that the 
dismantling and privatization of the plant protection service had unforeseen consequences. 
They became aware that locust control requires state intervention and some remnants of the 
Soviet knowledge structure were reinstated. Former chiefs of the regional Plant Protection 
Stations and influential scientists in the plant protection domain used this opportunity to 
revive the Plant Protection Service. Their work on locust control regained legitimacy, as did 
public expenditure to support it. The crisis also had other political repercussions (Hargrave 
& Van de Ven, 2006). The reinstatement of some elements of the former locust control 
system raises the question of the extent to which this recent form of collective action builds 
on past forms and the extent to which it differs. 

The rebuilt Plant Protection System has to operate with far fewer people than before and has 
to work with market actors, i.e., suppliers of pesticides and spraying services. However, 
from an ecosystems perspective there are other more fundamental differences. The latest 
policies tend to assume that the currently available stock of technology, basically pesticide 
applications, is sufficient to control locust plagues. Decision-makers even express the belief 
that it is possible to eradicate the locust, i.e., that total control of nature is possible. Past 
efforts to construct a more ecological view and to build knowledge and knowledge 
networks for understanding relationships between climatic variability, land use changes 
and locust population dynamics have not yet been taken up again. Furthermore, recent 
policy measures seem to be mainly incident driven and largely take a short-term 
perspective. If we consider ecosystem and locust population dynamics as a slow variables 
(Holling, 2004) the collapse of the Soviet Union has made sustaining these variables more 
difficult. This is a major transformation in the sense of Holling (2004) since the interaction 
between structure and processes have become qualitatively different. The long time frame 
for responding to locusts, which was previously institutionalized in the long-term funding 
of plant protection services and knowledge building, career perspectives for scientists and 
the organization of a multi-agency monitoring network, has been not been re-established. 
The most recent transformations have, in fact, institutionalized the short time frame 
perspective that emerged in the Transition Period. 

It also follows from discussion of knowledge about locusts (Toleubayev et.al, 2007) that 
locust control requires collective action at a higher level than the local level of, for example, 
farmer fields or single watersheds. National and even transboundary forms of management 
have to be established. There is little indication that independent civil society groups with 
an interest in locust control will emerge in Kazakhstan in the near future. Service companies 
have been formed that carry out the pesticide spraying at the regional level but, given their 
objective of trading in pesticides and spraying services, it is unlikely that these will soon 
convert into advocates for a sustainable, long-term and ecosystems perspective on locust 
control. Although local level participation may be crucial, as in the past when herders were 
part of the locust monitoring network. These participatory approaches to local level 
ecosystem management (Walker et ah, 2002) and the current market-driven, short-term 
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thinking about locust control in Kazakhstan are inadequate for developing a framework for 
rebuilding adaptive management of ecological services at a higher level and with a long¬ 
term perspective. 

6. Back to the future in pest control for Kazakhstan 

6.1 Change in the technological approach and pest-control perspectives 

It is often assumed that progressive technological changes precedes and underpins positive 
socio-economic changes. The Kazakhstan case has illustrated a regressive technological 
change. The post-1991 socio-economic changes in the agrarian sector transformed the large- 
scale, highly mechanized and knowledge-intensive farming (using IPM) into a mainly small- 
scale and simplified farming technological system. The number of tractors used in the 
farming sector in Kazakhstan dropped by 80%, from more than 240,000 in 1990 to less than 
45,000 in 2005. A common practice of using technological maps in the centralized crop 
production system that incorporated crop rotation, fertilization, irrigation and pest-control 
schemes was abandoned. Farmers after the break-up of the collective farming were 
disorganized and challenged to deal individually with a wide range of farming 
technicalities such as soil cultivation, seed selection, crop husbandry practices, soil fertility, 
irrigation and pest control. The farmers with professional farming knowledge and skills and 
with advantageous socio-economic, political and knowledge networks from the Soviet past 
had the best chances for the economic survival in the harsh market environment. 

The collapse of collective farming and the unified plant protection system that went with it 
had a problematic impact on pest-control practices after 1991 and brought about a crisis in 
the IPM perspective. Before 1991 IPM was an essential part of the crop production system in 
Kazakhstan. This approach incorporated biological control technologies, monitoring and 
forecasting, and agronomic and other means to control pests and reduce pesticide use. 
Before 1991 up to 400,000 ha of cropping area in Kazakhstan, and more than 33,000,000 ha in 
the USSR as a whole, were protected against pests through biological means. This is an 
extraordinary fact that ought to be better known among 'western' conservationists and 
advocates of 'sustainable agriculture'. This effort required a high level of organization and 
coordination of pest-control activities both at collective farm level and higher. 

Morse and Buhler (1997) argue that IPM is an ideal approach to crop protection but that it is 
not easily achieved in reality. This scepticism is based on awareness by these authors that 
IPM is a knowledge-intensive approach requiring a strong research base, extension network, 
highly qualified specialists and significant investments for its development, promotion and 
use. This chapter has demonstrated that this knowledge-intensiveness of IPM approach was 
characteristic of a more generally knowledge-intensive character of Soviet collectivized 
farming system. In those areas where it was widely implemented, IPM was backed up by 
an extensive research and plant protection service. The state-facilitated, science-based 
organization of plant protection activities made IPM work, and provided a concerted 
response to pest problems. Collective responses to pest problems were embedded in the 
centralized structure of the Soviet system. This was pragmatic, in the sense that the IPM 
approach was given priority over chemical control perspective, thus reducing negative 
health and environmental effects. 
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After the disintegration of the USSR the pesticide industry colonised the vacant agricultural 
input markets of the newly established independent states. The annual imports of pesticides 
into Kazakhstan increased from about 2,000 tonnes in 1999 to 17,000 tonnes in 2006. This 
only takes into account those chemicals imported and sold through official channels; the 
volume of pesticides smuggled into the country is not known while illegal outlets can be 
found in many towns. But point of particular concern is that the industry was able quickly 
to fill in the institutional gap in knowledge and infrastructure for pest control. The 
numerous fragmented farmers did not have a chance to pursue an IPM approach because 
the organizations that could have delivered the inputs (biocontrol agents) and the 
necessary knowledge (research and extension) were severely handicapped or had 
disappeared. The pesticide industry had the necessary know-how, funds and 
infrastructure to deliver its products to farmers. Its prime interest was to sell its products 
and not to provide the knowledge that would minimize the use of pesticides. Pesticide 
company representatives distribute colourful leaflets and posters and present easily 
understandable and rapidly implementable solutions to pest problems. Farmers literally 
follow the prescriptions provided. Moreover, farmers blindly use readily available 
pesticides, being afraid of losing cultivated crops and risking to become a bankrupt. 
Consequently, the pesticide use perspective has become dominant in the pest-control 
practices of individualized farmers in Kazakhstan after 1991. 

6.2 Change in knowledge generation and ecological consequences 

A sound scientific research base is necessary prerequisite for knowledge and technologies to 
proliferate. In the transition period, the research base in Kazakhstan has been severely 
eroded. Low salaries, deteriorating research facilities and lack of perspective in the public 
research institutes have made the recruitment of young researchers difficult. Many 
researchers have emigrated or left the scientific domain in search of better paid jobs in the 
private sector. The number of researchers in all research domains in Kazakhstan dropped 
more than 70%, from 31,250 in 1990 to 9,000 in 2000. Public science became an under¬ 
financed sector because of deliberate policy reforms and/or severe budget cuts. 
Expenditures for R&D (research and development) from GDP declined from 0.80% in 1991 
to 0.18% in 1999. As a result, agrarian knowledge generation and technological development 
became 'endangered species' in contemporary Kazakhstan. 

The government has recognised that loss of scientific and technological capacity is an 
important problem associated with post-1991 transition. Various S&T (science and 
technology) policies and R&D models have been tried out to 'fill the gap'. Under one 
'model' ministerial authorities in charge of managing the public research institutes have 
more or less forced researchers to commercialize their research outputs and market them to 
end-users in order to become financially self-supporting. In the pest-control field this had 
the effect of pushing public plant protection researchers to accept incentives provided by the 
pesticide industry in order to cope with periods of economic instability. The pesticide 
industry was able to make use of this situation and took over the human capital needed for 
a more rational IPM approach. As a result, plant protection research has become 
commercially-oriented through pesticide testing and promotion. In this way, plant 
protection research carried out according to ecologically sound principles on highly 
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destructive pest organisms threatening national food security has diminished, and the 
development of sustainable pest-control approaches is now severely neglected. The public 
good characteristics of the plant protection research have been replaced by market 
orientation and commoditization. The demand for immediate outputs in research has led to 
a policy culture dominated by short-term thinking, and the negative effect of this short- 
termism can be immediately seen in areas such as control of highly destructive migratory 
pests such as locusts. 

6.3 Governing pests - the future 

This chapter argues that pest control, as a strategically important sector of knowledge, 
requires a direct involvement of state institutions. This is not an easy or popular argument 
to make in a former Soviet country, where neoliberal enthusiasts assume that everything 
associated with the old state system must, by definition, have been bad. A new state order 
established in Kazakhstan after 1991 broke up the organizations and knowledge structures 
that had previously developed and promoted ecologically sustainable pest-control 
approaches. The farming sector also underwent significant socio-economic changes, 
resulting in the break up of the old collective farms and resulting in a highly fragmented 
agrarian sector. The damage that then resulted has been documented in this study. A 
question that remains is 'what now is to be done'? Can elements of a positive legacy of 
ecological thinking associated with science under the Soviet system (Weiner, 1988) be 
recovered and put back to work? 

Under the current situation in farming sector, with fragmented and resource-poor farmers, 
implementation of IPM/ecology-based protection of crops will only be possible if it receives 
relevant institutional support (information, knowledge, training and facilitation). The 
experience with IPM, globally, is that it requires farmers to learn about their agro¬ 
ecosystems (e.g. via the farmer field school systems fostered by FAO), because ecological 
pest control is often counter intuitive at two levels. The first is that plants can tolerate quite 
some defoliation by herbivores before yields are affected. The second is that pesticides 
create pests because natural enemies are destroyed. Very often natural enemies are not 
recognized and showing their existence and actions serves as an eye-opener to farmers. This 
may help farmers to understand agro-ecosystems better, and thus lead them towards use of 
this knowledge in pest management strategies that are less reliant on pesticides. This focus- 
shifting from an exclusive pesticide perspective is a major challenge in Kazakhstan, 
considering the current ways in which policymakers think about pest-control issues at the 
farm, research, extension levels. Perhaps some exposure of policymakers to IPM initiatives 
in other countries using (for example) the farmer field school approach would be a useful 
starting point for changing attitudes. 

At policymaking level the state has fulfilled the mission it defined, for itself, i.e. to facilitate 
the transition to a free market economy. Consequently, the state distanced itself from 
providing public goods in strategically important domains of research and practice, in 
particular the pest-control sector. After 1991 the state no longer supported development, 
promotion and use of ecologically sound and environmentally benign pest-control 
approaches and testing of pesticide residues in farm produce. A vacuum was created, with 
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ample opportunity for the pesticide industry to influence the plant protection research 
agenda and to gear pest-control practices to an exclusive focus on pesticides, despite the 
manifest unsuitability of such approaches to major problems, such as locust control, facing 
Kazakhstan. There is probably now need to curtail this pesticide approach through 
emphasis on regulatory environments, e.g. legislation restricting pesticide imports and tight 
control of pesticide retailing and use. Also strict and enforced sanitary requirements on 
pesticide residues in farm produce (especially when driven by customer and consumer 
concerns) may help invoke more judicious use of pesticides, and make farmers look for 
alternative pest-control methods. Currently the public plant protection domain lacks the 
necessary resources to address the demands and opportunities of fragmented farmers and 
to develop and promote ecology/IPM-based pest-control approaches for a large mass of 
independent small holders. Bottom up approaches (as attempted in many developing 
countries) are still weak because farmers, largely, are not well enough organized to express 
their need for support. 

7. Conclusion 

This paper urges to rethink and rebuild the role of the governments in pest-control issues. 
Without stronger pest control policy, highly destructive pest organisms will keep 
threatening national food security, and indiscriminate and injudicious pesticide use will 
continue to pose considerable hazards for human health and environment. It has been 
shown that plant protection is more than just getting rid of pest organisms at the farm level. 
Pest-control issues are deeply embedded in political-economic-social contexts via which the 
development and use of ecologically sustainable approaches and collective action for pest 
control can be either promoted or hindered. The governments across the globe have a key 
function in supporting this long-term endeavor and creating conducive conditions for this to 
happen, as this will ultimately contribute to a more sustainable system of agricultural 
production and thus benefit society as a whole. 
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1. Introduction 

Chickpea ( Cicer arietinum L.) is one of the most popular vegetables in many regions of the 
world. Pulses are important sources of protein for vegetarian population. Chickpea ( Cicer 
arietinum L.) commonly known as gram is an important pulse crop. In Tunisia, the 
cultivated area and production have significant instability and decrease, the chickpea crop 
was affected by biotic and abiotic constraints. The major diseases affecting chickpea are 
Ascochyta rabiei, Fusarium oxysporum f. sp. ciceri, Botrytis cinerea and Rhizoctonia solani. R. 
solani is an important component of the disease complex that causes seedling blight and root 
rot on pea; it also causes root rot in plants of many pulse crops when they are weakened by 
other stress factors (Singh & Mehrotra, 1982). The pod borers, Helicoverpa armigera (Hubner), 
sap-sucking pests [especially Aphis craccivora Koch ( Hemiptera: Aphididae )] and bruchid 
beetles belonging to the genus Callosobruchus (C. chinensis Linnaeus, C. maculates Fabricius, 
C. analis Fabricius) cause some damage to chickpea. The presence of Orobanche spp. in some 
chickpea growing areas is considered as a limiting factor to the expansion of the crop. 
Genetic resistance is considered the most desirable control method since it is more cost 
effective and environment friendly than the use of chemicals. In this chapter we review 
developments in integrated management of insect pests, of parasitic broomrape plants, of 
the main disease-causing fungi, and of root-lesion and stem nematodes on chickpea. 

2. Diseases caused by fungi 
2.1 Organisms 

Chickpea (Cicer arietinum L.) is the third most important cool season grain legume in the 
world. Its seed are important source of proteins to human and animals. Low yield of 
chickpea attributed to its susceptibility to several fungal, bacterial, and viral diseases. In 
general, estimates of yield losses by individual insects and diseases range from 5% to 10% in 
temperate regions and 50-100% in tropical regions (Van Emden et al., 1988). The blight 
caused by Didymella rabiei (Kovachevski) v. Arx, (anamorph Ascochyta rabiei (Pass.) Lab.) is 
one of the major diseases of chickpea in cool and humid climates of the world (Nene & 
Reddy, 1987; Khan et al., 1999; Chongo et al., 2003). The disease under favorable climatic 
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conditions can cause 100% yield losses and plants are susceptible to infection at any stage of 
crop growth (Reddy & Singh, 1990). Though conidia of D. rabiei penetrate the host directly 
through the cuticle after formation of appressorium like infection structures, the mechanical 
forces are not considered to facilitate host penetration, rather hydrolytic enzymes produced 
by the fungus were suspected to aid penetration (Kohler et ah, 1995). In Tunisia D. rabiei 
was found for the first times during the 2001-2002 growing season, on chickpea debris 
overwintering on the soil surface at different chickpea growing locations. D. rabiei 
pseudothecial formation varied significantly in frequency according to the location and the 
sampling time (Rhai'em et al., 2006). 

Several workers have described the symptoms of the disease as it occurs in different 
countries. The descriptions are remarkably similar. All above ground parts of the plant are 
attacked. On leaflets the lesions are round or elongated, bearing irregularly depressed 
brown dots, and are surrounded by a brownish red margin. On the green pods the lesions 
are usually circular with dark margins and have pycnidia arranged in concentric circles. 
Often the infected seeds carry lesions. On the stem and petiole, the lesions are brown, 
elongated (3-4 cm), bear black dots and often girdle the affected portion. When lesions 
girdle the stem, the portion above the point of attack rapidly dies. If the main stem is girdled 
at the collar region the whole plant dies. As the disease advances, patches of diseased plants 
become prominent in the field and slowly spread, involving the entire field (Akem, 1999). 

Botrytis gray mold (BGM) of chickpea caused by Botrytis cinerea Pers. Ex. Fr. is a destructive 
foliar disease of chickpea ( Cicer areitinum L.) in temperate countries and in some subtropical 
countries (Davidson et al., 2004). BGM is the second most important foliar disease after 
ascochyta blight ( Ascochyta rabiei (Pass.) Lab.). The area sown to chickpea in many regions of 
the world has reduced in recent years. This reduction is primarily attributed to the yield 
instability caused by BGM (Rahman et al., 2000). Under prolonged cold and higher 
humidity the fungus first infects the lower leaves and thereafter, progresses upwards 
causing defoliation, rotting of tender branches and shriveling of grains within the pods 
(Haware et al., 1996). Chickpea is susceptible to the BGM fungus at all growth stages but 
flowering and podding stages are most vulnerable to the infection. The disease at these 
stages may lead to a complete failure of the crop. 

Wilt caused by Fusarium oxysporum f. sp. Ciceris (FOC) Matuo and K. Sato is considered one 
of the limiting factors for its low productivity (Haware & Nene, 1982). Other species and 
formae speciales of Fusarium also cause wilt in chickpea and produce mycotoxins (Di Pietro 
et al., 2003; Gopalakrishnan & Strange, 2005; Gopalakrishnan et al., 2005). FOC may survive 
in soil and on crop residues as chlamydospores for up to six years in the absence of 
susceptible host, and spread by means of both soil and infected seed (Haware et al., 1978). 
Fusarium wilt is prevalent in almost all chickpea-growing areas of the world, and its 
incidence varied from 14% to 32% in the different states of India (Dubey et al., 2010). This 
disease causes yield losses up to 100% under favorable conditions in chickpea (Anjaiah et 
al., 2003; Landa et al., 2004). 

Rhizoctonia solani is an important component of the seedling blight and root rot disease 
complex in chickpea (Hwang et al., 2003a). Root rot limits plant vigour and ultimately seed 
production by reducing the number of roots available for nutrient and water uptake and for 
symbiotic nodulation. The pathogens that cause root rot are also responsible for seedling blight 
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in younger plants (Wellington, 1962). This can reduce canopy density and uniformity in 
growth stage. Early injury to the roots can result in thin, uneven stands that are more prone to 
weed invasion and have a low yield potential. Therefore, where root rot is severe, yield losses 
in pulses can be high (Xi et al., 1995). Previous studies indicated that the level of root rot was 
influenced by genetic resistance, soil temperature and the timing of seeding (Degenhart and 
Kondra, 1981; Hwang et ah, 2000a, 200b), and seeding depth (Duczek & Piening, 1982). 
Populations of pathogenic R. solani are expected to increase in the soil, along with losses due to 
disease, as chickpea acreage increases and the crop is grown repeatedly in the same fields. 

2.2 Diseases management methods 

2.2.1 Agronomic practices 

Successful disease management requires planning well in advance. This disease is most 
effectively managed with the integration of several different strategies. Since only chickpeas 
are susceptible to A. rabiei, several cultural practices such as rotation with non-host crops, not 
growing chickpeas more frequently than every 3-4 years, and not planting new crops near 
previous blighted fields, the use of disease free seeds and destruction of plant diseased debris, 
will all help to reduce inoculums level and inhibit severe epidemics (Gan et al., 2006). Tillage 
practices like burial of infected residue and controlling volunteer chickpeas will also be 
beneficial (Navas- Cortes et al., 1995). Burning of chickpea stubbles in certain environment can 
also reduce the inoculum build up but may not be favoured because of negative effects on soil 
health due to loss of organic matter and essential nutrients. Solarization of soil and advanced 
sowing date are some of the measures usually employed to control Fusarium wilt in chickpea, 
but with limited success (Haware et al., 1996; Navas-Cortes et al., 1998). It has bean 
demonstrated that some cultural practices, such as planting date proved to be very effective in 
reducing fungal attack to plants, but they are insufficient under high disease pressure, 
especially when weather conditions are particularly conductive to disease development 
(Abdel-Monaim, 2011). The use of resistant cultivars appears to be the most practical and 
economically efficient measure for management of root diseases of chickpea and is also a key 
component in Integrated Disease Management programs. 

2.2.2 Chemical control 

In view of the economic importance of chickpea, as well as the seriousness of the disease 
and associated yield loss, farmers apply fungicides to control the disease. Research has 
indicated that foliar fungicide applications are not cost effective when Ascochyta blight 
severity is very low. One or more applications of a foliar fungicide during flowering, or even 
early podding, can increase seed yield and quality. Timely application of fungicide is 
especially important if the forecast calls for rain. Host plant resistance provides the cheapest 
and most sustainable disease control (Malik et al., 2006). Most resistance begins to break 
down shortly after flowering and pod formation. Alternative measures should be 
considered if conditions favor disease development after this time. Some fungicides reduce 
losses and their use is not economical if disease pressure is high. In addition to the use of 
fungicides, follow good agronomic practices to keep crop healthy and do not grow chickpea 
outside of the area of best adaptation. 

Different fungicides and soil fumigants are currently used to control R. solani. However, many 
of these compounds proved to be quite toxic to the environment and to the ground water. 
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Methyl bromide is a good example for a very efficient soil fumigant that has a great impact on 
the environment and has been recently phased out due to the public concern and international 
agreements. Yet pesticide application does not always prove economic (Lindbeck et al, 2009). 
In addition, chemicals have various limitations and pose risk of health hazard and 
environmental contamination (Ndoumbe-Nkeng & Sache, 2003). Use of FOC-free seed and 
fungicide-treated seed are some of the measures usually employed to control Fusarium wilt in 
chickpea, but with limited success (Haware et al, 1996; Navas-Cortes et al., 1998). 

2.2.3 Biological control 

Biological control may emerge as an alternative to chemicals, and offers economically viable 
and ecologically sustainable management of BGM disease. Trichoderma spp. and 
Pseudomonas fluorescens are important biocontrol agents of plant pathogenic fungi 
(Papavizas, 1985). The antagonistic activity of Trichoderma harzianum has been reported 
against BGM on chickpea foliage in controlled environments (Mukherjee & Haware, 1993). 
Spray of Trichoderma viride (10 7 - 8 spores/ml of water) managed the BGM on chickpea and 
increased the grain yield (Chaurasia & Joshi, 2000/2001). 

Currently, biological control of this soil and seed-borne plant pathogenic fungi has been 
addressed using bacterial and fungal antagonists. Strains of Pseudomonas spp.. Bacillus spp., 
Trichoderma spp. and non-pathogenic isolates of F. oxysporum, isolated from the rhizospheres 
of crop plants and composts, were shown effective not only to control plant pathogens but 
also in helping the plants to mobilize and acquire nutrients (Glick, 1995; Postma et al., 2003; 
Khan et al., 2004; Perner et al., 2006). Such novel microorganisms, with plant growth- 
promoting and biocontrol traits, are found in much higher levels in forest, pasture soils and 
herbal compost than in arable soils (Torsvik et al., 2002; Tinatin & Nurzat, 2006). There is a 
growing interest in the use of secondary metabolites, such as toxins, proteins, hormones, 
vitamins, amino acids and antibiotics from microorganisms, particularly from 
actinomycetes, for the control of plant pathogens as these are readily degradable, highly 
specific and less toxic to nature (Doumbou et al., 2001). It is a well-known fact that 
actinomycetes are found most common in compost and play an important role not only in 
the decomposition of organic materials but also in their ability to produce secondary 
metabolites of pharmacological and commercial interest. 

The use of antagonistic microorganisms against R. solani has been investigated as one of the 
alternative control methods. Both Trichoderma spp. and Bacillus spp. are wide spread 
throughout the world and have been recognized as the most successful biocontrol agents for 
soil borne pathogens. Several modes of action have been described, including competition 
for nutrients, antibiosis, induced resistance, mycoparasitism, plant growth promotion and 
rhizosphere colonization capability (Hassanein et al., 2006; Siddiqui and Akhtar, 2007 & 
Bailey et al., 2008). The species of Trichoderma have been evaluated against the wilt pathogen 
and have exhibited greater potential in managing chickpea wilt under glasshouse and Weld 
conditions, but its effectiveness is not similar in all areas (Kaur & Mukhopadhayay, 1992). 

3. Broomrapes 
3.1 Orobanche species 

Chickpea ( Cicer arietinum ) is a host of three different species of broomrapes, namely crenate 
broomrape ( Orobanche crenata Forsk.), fetid broomrape (O. foetida Poir.) and Egyptian 
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broomrape ( Phelipanche aegyptiaca (Pers.) that suffers little damage in the traditional spring 
sowing, but there is concern that the continued spread of the practice of winter sowings 
might lead to an outbreak of broomrape infection in chickpea (Rubiales et al., 2003). 
Orobanche is considered an important agricultural parasite in chickpea in Beja region of 
Tunisia (Kharrat et al., 1992). The main Orobanche species in Tunisia include O. crenata, O. 
foetida and O. ramosa (Kharrat & Halila, 1994).The estimated levels of Orobanche incidence 
was indicated that about 5 000 ha out of 70 OOOha planted to food legumes might have 
Orobanche infestation and Yield losses are approximate from 20 to 80%. 

Orobanche species are holoparasites, i.e. lack chlorophyll and entirely depend on hosts for 
nutrition. O. crenata has been known to threaten legume crops since antiquity. It is of 
economic importance in the Mediterranean Basin and Middle East in ckickpea but also in 
other grain and forage legumes (lentil, pea, vetches, grasspea) and members of 
Asteraceae, such as safflower, and Apiaceae, such as carrot. It is characterized by large 
erect plants, branching only from their underground tubercle. The spikes may reach the 
high of up to 1 m, bearing many flowers of diverse pigmentation, from yellow, through 
white to pink and violet. O. foetida is known as a weed of faba bean and chickpea in 
Tunisia, but the species is common in native habitats in other North African countries and 
Spain. The plant has unbranched stems that bear red or purple flowers that release an 
unpleasant smell. P. aegyptiaca parasitizes faba bean, chickpea and lentil and also many 
other crops belonging to various families, including Asteraceae, Brassicaceae, 
Cucurbitaceae, Fabaceae, and Solanaceae. 

It is widely distributed in eastern parts of the Mediterranean, in the Middle East and in 
parts of Asia. A healthy broomrape plant can produce 200,000 seeds and in exceptional 
cases, half a million. These seeds principally remain dormant until a chemical exuded by 
the host root indicates the vicinity of a host. Their seeds germinate and produce a germ 
tube that must create a contact with the host root or die. Once the parasite attaches to the 
host, materials are transferred from the source (crop) to the sink (parasite) through straw 
like penetrations, called oscula. Affected plants usually grow slowly and, dependent on 
the severity of infestation, biomass production is lowered. Crop damage is often very 
significant and depends on crop variety, soil fertility, rainfall pattern and level of 
infestation in the field. The loss caused by Orobanche spp. is often directly proportional to 
its biomass (Sauerborn et al., 2007). 

3.2 Broomrape management methods 

In dry land agriculture, intensity and type of weed pressure depend upon the rainfall 
pattern during the crop season. Clearly, water supply can limit crop yield and there are few 
management options to try and improve this. The effectiveness of conventional control 
methods is limited due to numerous factors, in particular the complex nature of the 
parasites, their tiny and long-lived seeds, and the difficulty of diagnosis before the crop is 
irreversibly damaged. The intimate connection between host and parasite hinders efficient 
control by herbicides. Managing these weedy root parasites requires an integrated 
approach, employing containment and sanitation, direct and indirect measures to prevent 
the damage caused by the parasites, and finally eradicating the parasite seedbank in soil. 
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3.2.1 Agronomic practices 

Manual weed control 

Hand pulling, hoeing and tillage are the traditional methods practiced for a long time in 
West Asia, North Africa, the Indian-subcontinent and other parts of the world (Saad El- 
din, 2003; Sharara et al., 2005; Solh & Palk, 1990; Wortmann, 1993). The major advantage is 
that it usually requires no capital outlay when cash is not readily available and labour is 
provided from the farmer's immediate family or through non-cash exchange. Hand 
pulling and hoeing have become increasingly expensive because of scarcity of labour in 
rural areas. Where crops are not normally planted in rows, hand pulling is a time- 
consuming task. Furthermore, investigations in Tunisia demonstrated that continuous 
hand weeding of O. foetida spikes did not significantly increase grain yield of the 
susceptible faba bean cultivar Aguadulce, proving that the underground stages are clearly 
detrimental (Kharrat & Halila, 1992). 

Intercropping 

Intercropping is a method facilitating simultaneous crop production and soil fertility 
building. There is a renewed interest in intercropping linked to the need for reducing 
nitrogen cost and soil erosion. Recently it has been demonstrated that intercrops with 
cereals or with fenugreek can reduce O. crenata infection on chickpea, faba bean and pea due 
to allelopathic interactions (Fernandez-Aparicio et al., 2007, 2008). This has been confirmed 
in a subsequent study, in which trigoxazonane was identified in the root exudates of 
fenugreek which may be responsible for the inhibition of O. crenata seed germination 
(Evidente et al., 2007). 

Crop rotations 

Rotation with non-host crops is usually suggested. The use of trap crops offers the 
advantage of preferentially stimulating broomrape suicidal germination. Flax, fenugreek 
and Egyptian clover are established to be successful trap crops for O. crenata (Fernandez- 
Aparicio et al., 2007). There are claims that a reduction in infestation has been reported in 
rotations with rice, due to water flooding, however, this has not been substantiated. The 
incorporation of resistant legumes in crop rotations may also maintain broomrape 
infestation at low levels (Schnell et al., 1996). 

Soil solarization 

Solarization by covering of moist soil with a layer of polyethylene under high-temperature 
conditions can control broomrapes efficiently. O. aegyptiaca (Jacobsohn et al. 1980), O. crenata 
and O. ramosa (Braun et al. 1987) infestations have been reduced by 90 to 100% using 
solarization. However, this is only economically applicable in small acreages: the cost of 
solarization for extensive crops is not affordable by farmers (Foy et al., 1989). 

Nutrient management 

During their evolution, parasitic plants have acquired the ability to obtain nutrition from 
host plants and have adapted to prefer less fertile soil conditions (ter Borg, 1986). Some 
studies have shown that nitrogen in ammonium form negatively affects broomrape 
germination (van Hezewijk and Verkleij, 1996) and/or elongation of the seedling radicle 
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(Westwood & Foy, 1999). Ghosheh et al. (1999) have shown that addition into the soil of jift 
(a solid by-product of olive oil processing) from European olive (Olea europaea) cultivation 
suppresses broomrape infection in chickpea and other crops. 

3.2.2 Chemical control 

Chemical strategies have been used to control broomrapes by reduction or destruction of 
broomrape seed reserves in the soil, prevention of or negative influence on the 
germination of broomrape seeds and attachment to the host root. Measures such as soil 
fumigation, germination stimulants, and certain preplant or preemergence herbicides act 
directly on broomrape. 

Soil fumigation 

Methyl bromide has been recognized as an effective soil fumigant. It has been routinely 
used to control localized populations of O. ramosa before planting tomato (Wilhelm et al., 
1959). There are several limitations that restrict use of methyl bromide over a large scale. 
The costs of the chemical as well as the polyethylene sheet needed to cover the treated soil 
are prohibitively high. A well tilled soil that has been kept moist at 70% field capacity and 
temperature above 10 C are required for productive results after methyl bromide 
application. Safety gear is recommended for application personnel due to extreme toxicity of 
the gas. Parker and Riches (1993) caution regarding the risk of bromine residues in produce 
from methyl bromide treated areas. 

Germination stimulants 

Since broomrape seeds must attach to a host root shortly after germination to survive, any 
means that would cause seed germination in the absence of a suitable host has potential as a 
control strategy. This stimulation of seed germination in the absence of a susceptible host is 
called 'suicidal germination' (Eplee, 1975). Strigol was isolated from cotton (Gossypium 
hirsutum L.) roots and identified as a germination stimulant of parasitic weed seeds (Cook et 
al, 1966, 1972). Certain synthetic analogs of strigol have also been produced (Johnson et al., 
1976, 1981; Pepperman et al, 1982). Application of strigol or its synthetic analogs did not 
provide practical control of broomrape due to their short stability in the soil. Both the activity 
and stability of the germination stimulants is dependent on the soil pH and moisture 
conditions. Foy et al. (1989) reviewed several other compounds including herbicides that have 
been used to stimulate as well as inhibit germination in broomrape seeds. 

A number of other chemicals including cytokinins and sodium hypochlorite, which are not 
related to the natural stimulants, promote germination of parasitic weeds (Parker & Riches, 
1993). However, the effectiveness of ethylene in some areas in Africa has been less than 
expected. For example, Alectra vogelii is unresponsive to ethylene (Parker & Riches, 1993). 
Recently, much attention has been focused on the isolation and identification of novel 
metabolites including those isolated from plant root exudates and fungal metabolite. The 
fungal metabolite cotylenins and fusicoccins have been reported to induce over 50% seed 
germination of O. minor even at very low concentrations (Yoneyama et al., 1998). 
Germination stimulants, both natural and synthetic, have good potential as effective tools of 
management of broomrape, but much remains to be learned about their structure, activity, 
and stability in the soil. 
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Preemergence herbicides 

In vitro application of chlorsulfuron, triasulfuron, and rimsulfuron inhibited germination of 
O. aegyptiaca. Those effective as pre-emergent herbicides for non-parasitic weed control in 
chickpea are alachlor, chlorobromuron, cyanazine, dinoseb amine, methabenzthiazuron, 
metribuzin, pronamide, prometryne and terbutryne (Solh & Palk, 1990). Among those used 
for controlling weeds in faba bean, Igran (terbutryn), Fusilade (fluazifopbutyl), Basagran 
(bentazon), Gezagard (prometryn), Amex (butralin) and Topstar (oxadiargyl) are the most 
prominent. Gezagard (prometryn) was used as pre-emergence herbicide in the control of a 
wide range of weeds in legumes (Singh & Wright, 2002). Some researchers have reported 
increased growth characters, yield and yield attributes of faba bean plants when prometryne 
was applied (Singh & Jolly, 2004). The selectivity and efficacy of these soil-acting herbicides 
is usually limited to specific agro-ecological conditions because of differences in soil type, 
moisture availability, temperature, and weed flora. Therefore, recommendations differ from 
one agro-climatic zone to another (Solh & Palk, 1990). 

Postemergence herbicides 

Any herbicide that can translocate, without being metabolized, through a host plant into 
broomrape attached to the host roots has potential for use in broomrape control. Post- 
emergent herbicides have limited effectiveness particularly for broad-leaf weeds. 
Post-emergent applications need great care with respect to stage of growth and air 
temperature to avoid phytotoxicity. For non-parasitic weed control in legumes, 
dinosebacetate, fluazifop-butyl and e fenoxprop-ethyl have been reported to be effective 
(Solh & Palk, 1990). 

3.2.3 Biological control 

Biological control is used here in its broader sense; including natural control as well as 
classical biological control. Biological control is particularly attractive in suppressing 
parasitic weeds in annual crops because the intimate physiological relationship with their 
host plants makes it difficult to apply conventional weed control measures (Sauerborn et al., 
2007). Both insects and fungi have been isolated that attack parasitic weeds. 

The predominant fungal isolates reported to be pathogenic to Orobanche spp. are 
Fusarium spp., particularly strains of F. oxysporum. Advantages of Fusarium spp. relate to 
their hostspecificity and longevity in soil (Fravel et al., 1996). However, to date only F. 
oxysporum f. sp. orthoceras are under investigation as potential candidates for the control of 
O. cumana on sunflower crops (Thomas et al., 1999a, 1999b; Muller-Stover et al., 2004). 
Further success of mycoherbicides in agricultural applications is largely dependent on the 
development of an appropriate formulation which effectively incorporates storage, 
handling and successful application of the fungal propagules (Muller-Stover & Sauerborn, 
2007). Linke et al. (1992) and Muller-Stover & Kroschel, (2005) observed pathogenicity of 
Ulocladium atrum and U. botrytis towards O. crenata tubercles in vitro and disease 
symptoms on shoots of crenate broomrape after the application of U. atrum under field 
conditions in Syria. Myrothecium verrucaria isolated from faba bean roots has been found 
to inhibit germination of O. crenata seeds due to the production of the macrocyclic 
trichothecene, verrucarin A (El-Kassas et al., 2005). 
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Phytomyza orobanchia Kalt., an agromyzid fly, is monophagous on broomrape and the 
feeding of the larvae within the capsules markedly diminishes seed multiplication of the 
parasite (Klein and Kroschel, 2002). Phytomyza orobanchia is widely distributed in broomrape 
infested areas, and consumes a substantial quantity of seeds (Rubiales et al., 2001). Naturally 
occurring communities of P. orobanchia are probably insufficient however to reduce 
broomrape infectivity in heavily infested areas. Nevertheless, bio-control with P. orobanchia 
may be helpful in reducing further dissemination and infestation in less infested areas, and 
could be incorporated into an integrated control approach to reduce the seed bank in 
heavily infested soils (Rubiales et al., 2001). 

Recently it has been demonstrated that some Rhizobium leguminosarum strains decrease O. 
crenata infections in peas by inducing systemic resistance (Mabrouk el al., 2007a). Induced 
resistance against broomrape in the nodulated pea was shown to be associated with 
significant changes in rates of oxidative lipoxygenase (Lox) and phenylpropanoid 
/isoflavonoid pathways and in accumulation of derived toxins, including phenolics and 
pisatin (pea phytoalexin). In parallel, the nodulated roots displayed high Lox activity related 
to the overexpression of the loxl gene. Similarly, the expression of phenylalanine ammonia 
lyase (PAL) and 6a-hydroxymaackiain 3-O-methyltransferase (Hmm6a) genes were induced 
early during nodule development, suggesting the central role of the 
phenylpropanoid/isoflavonoid pathways in the elicited defence (Mabrouk et al., 2007b, 
2007c, 2010). 

4. Insect pests 
4.1 Organisms 

Chickpeas are damaged by a large number of insect species, both under field conditions and 
in storage (Clement et al., 2000). Amongst the many insect pests damaging food legumes, 
the pod borers, Helicoverpa armigera (Hubner), sap-sucking pests especially Aphis craccivora 
Koch ( Hemiptera: Aphididae ) and bruchid beetles belonging to the genus Callosobruchus (C. 
chinensis Linnaeus, C. maculates Fabricius, C. analis Fabricius) are the most devastating pests of 
chickpea in Asia, Africa, and Australia (Van Emden et al., 1988). 

Helicoverpa armigera 

The legume pod borer is one of the largest yield reducing factors in food legumes. Its serious 
pest status has mainly been attributed to the high fecundity, extensive polyphagy, strong 
dispersal ability, and a facultative diapause. The larval preference for feeding on plant parts 
rich in nitrogen such as reproductive structures and growing tips results in extensive crop 
losses (Fitt, 1989). 

Sap-sucking pests 

Sap-sucking pests infesting chickpeas reach pest status mainly due to the fact that they act 
as virus vectors. Aphids, especially A. craccivora, are known to transmit a large number of 
viral diseases in chickpea (Kaiser et al., 1990). The most important is a strain of the bean leaf 
roll luteovirus, the main cause of chickpea stunt, which is transmitted in a persistent manner 
by A. craccivora (Brunt et al., 1996). Another chickpea disease is caused by the chickpea 
chlorotic dwarf virus (Horn et al., 1995), a tentative mastrevirus (Fauquet & Stanley, 2003). 
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This virus is transmitted in a persistent, non-propagative and circulative manner by the 
leafhopper Orosius orientalis (Matsumura) ( Hemiptera: Cicadellidae ) (Brunt et ah, 1996). 

Bruchids 

The members of the family Bruchidae have long been reported to destroy the seeds of 
leguminous plants. They also feed on seeds and flowers of non-leguminous plants 
belonging to the families Compositae, Malvaceae, Convolvulaceae, Anacardiaceae, 
Rosaceae, Umbelliferae, Papavaraceae, and Palmae (Arora, 1977). Among the several species 
of bruchids attacking edible legumes, Callosobruchus maculatus and C. chinensis are most 
destructive, and attack almost all edible legumes, including chickpea. 

4.2 Management methods 

4.2.1 Agronomic practices 

Cultural control options such as manipulation of plant spacing, time of sowing, 
intercropping and soil operations such as ploughing have also been shown to have some 
potential to reduce the damage caused by H. armigera (Reed et al., 1987). Chickpea 
germplasm with resistance to insect pests has been identified, but the sources of resistance 
have not been used extensively in breeding programs (Clement et al., 1994, Sharma & Ortiz, 
2002). Since 1976, more than 14,000 chickpea germplasm accessions and breeding lines have 
been screened for resistance to H. armigera at the International Crops Research Institute for 
the Semi-Arid Tropics (ICRISAT) under open-field, pesticide-free conditions. Entomologists 
and plant breeders have experienced difficulties in screening and selecting for resistance to 
target pests, in part, because of the lack of uniform insect infestations across locations and 
seasons. In addition, it is difficult to rear and multiply some of the insect species on 
synthetic diets for artificial infestation. Several genotypes with low to moderate levels of 
resistance were identified (Lateef & Sachan, 1990). Most of the resistant/tolerant lines were 
found to be susceptible to diseases, particularly to Fusarium wilt and Ascochyta blight 
(Lateef & Sachan, 1990). 

4.2.2 Chemical control 

A wide variety of insecticides have been used to control H. armigera, and in many areas, 
several applications are needed to contain this pest (Reed et al., 1987). Intensive insecticide 
application to control H. armigera on various crops (especially cotton) has resulted in the 
development of resistance to the major classes of insecticides such as chlorinated 
hydrocarbons, organophosphates, synthetic pyrethroids and carbamates (Armes et al., 
1996). Aphids are generally not controlled in the chickpea crop. While pesticides have been 
reported to be effective against A. craccivora (Sharma et al., 1991), their application is 
expected to be of limited value since the aphids would still transmit the virus before dying, 
therefore preventing only secondary virus spread (Reed et al., 1987). In addition, A. 
craccivora has already developed some levels of resistance to a number of common 
insecticides (Dhingra, 1994). In chickpea storage chemical methods such as fumigation with 
phosphine, methyl bromide, or dusting with primiphos methyl and permethrin are effective 
against bruchids (Lai & Dikshit, 2001), but have certain disadvantages such as increased 
costs, handling hazards, pesticide residue, and possibility of development of resistance. 
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4.2.3 Biological control 

There is voluminous information on parasitism, and to a lesser extent on predation of insect 
pests on different food legumes. The egg parasitoids, Trichogramma spp. And Telenomus spp. 
destroy large numbers of eggs of H. armigera and H. punctigera, but their activity levels are 
too low in chickpea and pigeonpea because of trichome exudates. The ichneumonid, 
Campoletis chlorideae Uchida is probably the most important larval parasitoid of H. armigera 
on chickpea (Pawar et al., 1986). Tachinids parasitize late-instar H. armigera larvae, but result 
in little reduction in larval density. Six species of parasitoids have been recorded from field- 
collected Helicoverpa pupae (Fitt, 1989). Potential biocontrol agents for B. pisorum have been 
documented (Baker, 1990). The most common predators of insect pests of food legumes are 
Chrysopa spp., Chrysoperla spp., Nabis spp., Geocoris spp.. Onus spp., Polistes spp., and species 
belonging to Pentatomidae, Reduviidae, Coccinellidae, Carabidae, Formicidae and Araneida 
(Romeis and Shanower, 1996). 

The entomopathogenic fungus Nomuraea rileyi (Farlow) Samson resulted in 90-100% larval 
mortality, while Beauveria bassiana Balsamo resulted in 6% damage on chickpea compared to 
16.3% damage in untreated control plots (Saxena & Ahmad, 1997). Spraying Bacillus 
thuringiensis (Bt) (Berliner) formulations in the evening results in better control than 
spraying at other times of the day (Mahapatro & Gupta, 1999). The activity of Bt d- 
endotoxins increases with an increase in pH from 8 to 10, but declines at a pH more than 10 
(Behle et al., 1997). The acid exudates from chickpea are highly acidic in nature (Bhagwat et 
al., 1995), and this might influence the biological activity of Bt toxins toward H. armigera. 
Food consumption by the third-instar larvae of Spodoptera litura (Fab.) decreases gradually 
on Bt treated food when exposed to increasing the pH from 6 to 10 (Somasekhar & 
Krishnayya, 2004). Much remains to be done to develop stable and effective formulations of 
biopesticides for the control of H. armigera and other insect pests on food legumes. Vegetable 
oils, neem oil and karanj oil provide effective protection against bruchid damage in pulses 
(Reddy et al., 1996). To limit the effect of pH level on Bt endotoxin activities some 
researchers develop an appropriate strategies for deployment of Bt genes in transgenic 
chickpea for controlling H. annigera (Surekha et al 2011). 

5. Nematode pests 
5.1 Organisms 

Chickpea production is limited by root-knot nematode infections, particularly in the 
Mediterranean Basin and Indian subcontinent. Root-knot nematodes of the genus 
Meloidogyne encompass more than 90 nominal species distributed worldwide, is known to 
cause serious yield loss (Siddiqui & Mahmood, 1993). Parasitism by root-knot nematodes is 
characterized by the establishment of permanent feeding sites comprised of multinucleate 
giant cells in the root cortex, endodermis, pericycle, and vascular parenchyma of host plants. 
The feeding sites act as sinks for plantphotosynthates andimpair plant growth and 
development. In addition, deformation and blockage of vascular tissues at feeding sites 
limits translocation of water and nutrients in the plant, further suppressing plant growth 
and crop yield. Tissues surrounding the feeding sites of root-knot nematodes usually swell, 
giving rise to large, characteristic galls on the roots of infected plants. However, infection of 
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chickpea roots by M. artiellia (Ma) only gives rise to very small galls surrounding the feeding 
sites (Volvas et al., 2005). 

5.2 Management methods 

5.2.1 Cultural practices 

Numerous cultural practices can be beneficial by reducing population densities of plant- 
parasitic nematodes. Organic soil amendments are now widely recognized as 'non- 
conventional' nematode management options (Muller & Gooch, 1982). Plant products are 
receiving greater attention as an effective means of control for nematode pests mainly 
because of their presumed safety to non-target organisms. Plant-parasitic nematodes 
generally occur with other soil nematode communities, including predacious and free-living 
nematodes. Following the addition of organic and inorganic fertilizers to soil, populations of 
free-living_microbivorous.nematodes can increase rapidly and densities of plant-parasitic 
nematodes may decline (Tomerlin & Smart, 1969). Some researchers suggested that free- 
living nematodes accelerate the decomposition of organic soil amendments and increase the 
mineralization of nitrogen and phosphorus (Abrams & Mitchell 1980) and Griffiths 1986). 

5.2.2 Chemical control 

Chemical nematicides, though effective in providing rapid kills of nematodes are now being 
reappraised concerning their environmental hazardousness, high cost and limited 
availability in many developing countries. Attention of nematologists is now focused on 
alternative control strategies, including cultural and biological methods. 

5.2.3 Biological control 

Interest in using predatory nematodes, e.g. Dorylaimus sp. for suppressing plant-parasitic 
nematodes in the soil is receiving attention. Recently, a few studies have investigated 
predatory nematodes as control agents in the soil (Lai et al., 1983; Sayre and Walter, 1991). 
Rhizobacteria and arbuscular mycorrhizal (AM) having important roles in the management 
of parasitic nematodes on various crops (Siddiqui & mahmood, 1999). Use of Pseudomonas 
fluorescens with G. mosseae was more usuful in improving plant growth and reducing galling 
and nematode reproduction. This was probably do to better positive interaction of both 
organisms wich is indicated by greater root colonization by P. fluorescens and G. mosseae 
(Siddiqui & Mahmood 2001). 

6. Conclusions 

The area and the production of legumes in Tunisia have not increased in the last years. 
Diseases and pests have been reported as recurrent problems in Tunisia (Kharrat et al., 
1991). The chickpea (C icer arietinum L.) is grown widely under a range of climatic conditions 
from temperate to subtropical and it hosts a wide variety of regional, native and exotic 
cosmopolitan insect pests, fungal pathogens and parasitic weeds so a generalized integrated 
management strategy is unlikely to be realized. Chemical, agronomic and biological 
methods developed help in management some pathogens but can not immune the chickpea 
against all severe conditions and pest. Genetic resistance is available but for some fungi. 
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nematodes and broomrapes, and cultivars with single resistances are not on the market in 

many countries. High yield and resistance/tolerance to both biotic and abiotic stresses are 

the prime objectives across chickpea breeding programmes. 
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1. Introduction 

Honeybees play an important ecological role as pollinators of many plant species, and their 
products are the basis for a multi-million dollar commercial industry around the world. 
They are major agricultural pollinators around the world and are keystone pollinators in 
tropical ecosystems. Pollination has been considered a keystone process to ecosystem 
function through the facilitation of both plant and animal diversity. The diversity of 
pollinators and pollination systems is striking. Current understanding of the pollination 
process shows that, while interesting specialized relationships exist between plants and 
their pollinators, healthy pollination services are best ensured by an abundance and 
diversity of pollinators. This is because the flowering plant species only produce seeds if 
animal pollinators move pollen from the anthers to the stigmas of their flowers. Without this 
service, delicate interconnected species and processes functioning within an ecosystem 
would collapse. Many of the most important pollinating insect species are social, adding 
more complexity between pollination systems and ecosystem dynamics, as it has been well 
documented that such species have highly evolved methods of methods communication. 

For some floral species, pollination may not occur without an evolved communication 
system some pollinators possess. Communication among insects is extremely important for 
their survival, especially for social insects that live in complex colonies. Many social insects 
depend on chemical signals, or pheromones to communicate with each other for guiding 
nestmates to food source, warn them of danger, and marking territory. Pheromones are 
chemical signals secreted by an individual that are transmitted and understood only within 
a single species. In contrast, other types of chemical signals can be perceived by and elicit a 
response in another species, as in interspecific mutualisms or interceptive eavesdropping 
(Nieh, 1998). Eavesdroppers may detect the chemical signals of another species and compete 
for a limited resource. Bees especially use pheromones and chemical signals to locate or 
detect resources. Honeybees, for example, mark nectar-depleted flowers using mandibular 
gland pheromones. Honeybees foragers that detect this pheromone are able to recognize 
which flowers to avoid, thereby increasing colony foraging efficiency. Honeybees are also 
famous for their remarkable dance language, which is used by workers to recruit nestmates 
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to resources such as food, water, resin and nest cavities. The waggle dance informs 
nestmates of the direction and distance of a newly discovered food source. Olfactory 
communication also plays an important role in recruitment in addition to many other 
aspects of colony life (Frisch, 1967). For example, honeybees can navigate to food sources by 
detection of nectar scent and may deposit cuticular hydrocarbon footprints or mandibular 
gland pheromone to mark nectar-depleted flowers and thereby increase colony foraging 
efficiency. Honeybee complex social behavior is an important and rich source for behavioral 
genetics, such as forage marking pheromone releasing by foragers while they are foraging, 
and including the genetics of aggression. Marking by forage marking pheromone produced 
by the mandibular gland of honeybee workers is important in basic research studies of bee 
learning and memory as well in applied studies examining how honeybee foraging behavior 
can be mitigated. 

2. The importance of honeybees as pollinators 

Honeybees play an important role for cross-pollination, or the transfer of pollen from one 
plant to the stigma of another plant leading to the process of fertilization. After fertilization, 
the fruit and seeds develop and mature. Pollination by insects, including honeybees, is 
important for both monoecious and dioecious plant species, those with an individual plant 
that bears both male and female reproductive structures and those where the individual 
only has one set of reproductive structures, respectively. Without this assistance, fruit 
and/or seeds would not be formed for most flowering species. Many agricultural crops such 
as Aeschynomene americana L., Ageratum conyzoides L., Amomum xanthioides Wall., Anacardium 
occidentals L., Antigonon leptopus Hook. Balakara baccata Roxb., Castanopsis acuminatissima 
Rehd., Cinnamomum kerrii Kosten, Coccinia grandis CL.Voigt, Cocos nucifera L., Coffea Arabica 
L., Conyza sumatrensis Retz are pollinated by honeybees (Suwannapong et al., 2011). Part of 
the reason honeybees are so important as pollinators is that they actively seek out flowers 
with pollen and not only for nectar, unlike other pollinators such as bats and hummingbirds 
that primarily visit flowers for nectar. Some plants will not produce fruit without honeybee 
pollination. This floral fidelity of bees is due to their preference for nectars having sugar 
content and pollen with higher nutritive values. 

In recent years, interest in tropical bees has increased. This is appropriate because 
honeybees likely originated in Tropical Africa and spread from South Africa to Northern 
Europe and East into India and China (Otis, 1991). The first bees appear in the fossil record 
in deposits dating from about 40 million years ago in the Eocene. The oldest bee fossil is 
preserved in a piece of amber found from a mine in northern Burma. It is believed to date 
back as far as 100 million years when bees and wasps split into two different lineages. The 
fossilized insect appears to share features both common to the bee and wasp, but is more 
similar to bees than wasps (Danforth et al., 2006). The earliest known honeybee fossil (genus 
Apis) was found in Europe dating back 35 million years. About 30 million years ago, 
honeybees appear morphologically very similar to modern species (Koning, 1994). The 
genus Apis is evidently tropical in origin since it is native to Asia, Africa and Europe 
including such continental islands as Japan, Taiwan and the Philippines (Seeley, 1985). 
Honeybees did not appear in the Americas, Australia or New Zealand until European 
settlers introduced them in the 17th century (Zander and Weiss, 1964). Honeybees of the 
genus Apis are the most studied because of their fascinating and complex lifestyle. 
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communication systems (Nieh, 1998; Nieh and Roubik, 1995), role as keystone pollinators of 
native plants, pollination of agricultural crops, and the valuable hive products that they 
produce, such as honey, royal jelly, bee wax, bee pollen, propolis and even bee venom. 
Honeybees belong to the order Hymenoptera, superorder Apocrita, infraorder Acuelata, 
superfamily Apoidea, family Apidae, subfamily Apinae, tribe Apini. There are more than 11 
extant species of Apis worldwide (Michener, 2000) that are classified into two groups, based 
upon nesting structures and activities. The first group builds single comb, open-air nests: A. 
andreniformis, A. florea, A. dorsata, A. breviligula, A. binghami and A. laboriosa. These bees are 
restricted to the Asian tropics and subtropics. The second group consists of species that nest 
inside cavities where they build multiple combs: A. cerana, A. koschevnikovi, A. nigrocincta, A. 
nuluensis, and A. mellifera (Hepburn and Radloff, 2011; Michener, 2000). 

Asia has a rich diversity of honeybee species. These include Apis cerana, A. dorsata, A. 
florea, A. laboriosa, A. breviligula, A. binghami and A. andreniformis that are indigenous to the 
region, whereas the European honeybee, A. mellifera was introduced to the region and 
promoted for beekeeping. The indigenous honeybees make a significant contribution to 
the livelihoods of the rural poor and protection of the environment through a variety of 
products and services (Partap, 1992). 

In the honey bee colony there are three castes: the queen, several thousand workers, and a 
few hundred drones. Among the members of the colony, there is division of labor and 
specialization in the performance of biological functions (Winston, 1987). Workers can 
flexibly shift among different tasks, depending upon colony need (Ferguson and Winston, 
1988; Smith et ah, 2008). The tasks performed are primarily age related (Lindauer, 1961; 
Wang and Moeller, 1970). There is also a strong genetic component to division of labor 
with workers from different strains, races within the colony showing differences in task 
ontogeny (Winston and Katz, 1982). Both genetics and environment are important. 
Workers can perform a subset of multiple tasks at all ages (Lindauer, 1952; Winston, 
1992). In general, young workers work inside the nest and older workers work outside 
(foraging) or at the nest entrance (guarding) (Winston and Ferguson, 1985). The youngest 
bees perform house cleaning and capping. Brood and queen rearing occupy slightly older 
workers, nurse bees. Comb building and food processing are handled by middle-aged 
workers (who serve as a general reservoir of labor that be channeled into performing 
different tasks inside the nest, as needed). Finally, nest temperature regulation and 
ventilation, defense, and foraging occupy the oldest bees (Winston, 1992). The caste 
structure in honeybees is closely linked with the development of brood food glands 
(hypopharyngeal glands), mandibular glands, and wax glands (King, 1993; Simpson, 1960, 
1966; Simpson et ah, 1966; Wang and Moeller, 1969). 

The honeybee's morphological structure that has co-evolved with the shape and features of 
flowers make them highly efficient pollinators. Their body is covered with hairs and setae, 
which pollen sticks to. Some of this pollen rubs off on the next flower they visit, fertilizing 
the flower. Their mouthparts include a long proboscis that is an appropriate length suitable 
for floral structures containing nectar. Also, pollen baskets on their legs allow pollen to be 
carried back to the hive through static electrical charge. This helps pollen (and other small 
particles) stick to them, while pollinating subsequent flowers they forage upon. Some plants 
will not produce fruit without honeybee pollination. This floral fidelity of bees is due to 
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their preference for nectars having sugar content and pollen with higher nutritive values. 
They enhance agricultural productivity and help maintain biodiversity by providing 
valuable pollination services. The benefit of honeybees as providers of pollination services 
for enhancing crop yields and maintaining biodiversity is thought to be much higher than 
their hive products. (McGreger, 1976; Crane, 1991; Free 1993; Partap and Verma, 1994; 
Suwannapong et al., 2011). The availability of natural insect pollinators around the world is 
decreasing rapidly as a result of increased and continued use of pesticides. There is timely 
need for better management of hive honeybees such as A. cerana and A. mellifera in rare 
pollinator areas to increase fruit production. Information on the role of honeybees in 
pollination leads to increased quality and yield of crops worldwide (McGreger, 1976; Crane, 
1991; Free 1993; Partap and Verma, 1994; Suwannapong et al., 2011). 

The benefit of honeybees as providers of pollination services for enhancing crop yields and 
maintaining biodiversity is thought to be much higher than their hive products. Keeping 
bees for pollination has been shown to increase the crop yield and quality and reduce fruit 
drop. Honeybee pollination has been reported to increase the fruit juice and sugar content in 
citrus fruits; reduce the percentage of misshapen fruits in strawberry; and increase the oil 
contents in rape seed and sunflower (Partap, 1992). 

3. Honeybee flora 

Bee flora, or bee plants, are the plants from which bees collect pollen and nectar. Honeybees 
forage on a variety of plant species to collect nectar and pollen (McGregor, 1976), including 
agricultural crops and native plants. They are particularly efficient pollinators for native 
plants due to the morphological structure of their organs and external features, such as hairs 
that cover their body to help carry nectar and pollen (Suwannapong et al., 2011). Different 
species of honeybees that have different morphology may affect their foraging preferences. 
However, not all plant species are bee flora. Many plant species, including agricultural crops 
and native plants, are pollinated by honeybees which are good pollinators particularly for 
native plants. They are such good native plant flora pollinators because they have 
morphological structures that facilitate pollen attachment, transfer and deposition. For 
instances, they have a proboscis with the appropriate length and shape to match specific 
morphology of certain flowers. They also have a body covered with hairs and setae that 
adhere pollen and pollen baskets that are adaptations for carrying pollen by carrying a static 
electrical charge. This helps pollen (and other small particles) stick to them (Suwannapong et 
al., 2011). However, a plant that produces nectar and pollen prolifically in one geographic 
region may not yield the same amount of nectar and pollen in another region (Erdtman, 
1966, 1969; Latif et al., 1960; Singh, 1981). There are three types of bee flora: plants that only 
supply nectar, plants that only supply pollen, and plants that provide both (Allen et al., 1998; 
Baker, 1971; Baker and Baker, 1983; Bhattacharya, 2004; Crane et al., 1989; Partap, 1997). 
Some plants provide only resin, but these are less common. Floral nectar provides energy 
for flight activity, foraging activity and other activity in the colony. Honeybees also convert 
the nectar into honey and store it in the honey storage area of the comb. Pollen provides 
protein, lipids, minerals, and vitamins (Gary, 1975; 1992). Pollen from different plant species 
differs in nutritive value and attractiveness to honeybees (Baker, 1971; Baker and Baker, 
1983; Erdtman, 1966,1969; Shuel, 1992; Suwannapong et al., 2011). 
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There are more than 30 species of plants visited by A. andreniformis in Thailand such as 
Anacardium occidentale L., Antigonon leptopus Hook., Balakara baccata Roxb., Brassica chinensis 
Jusl var., Castanopsis acuminatissima Rehd., Chrysal, Cocos nucifera L., Coriandrum sativum L., 
Conyza sumatrensis Retz., Cucurbita citrillus L. Cucumis sativus Linn, Cuphea hyssopifola H.B.K., 
Dimocarpus longan Lour., Eugenia javanica and Mimosa pigra (Suwannapong et al., 2011). 

The plants visited by A. florea include more than 40 species such as M. pigra, Callistemon 
viminalis, Vetchia merrillii (Becc.) H.E. Mosre, Cocos nucifera L., Melampodium divaricatum, Zea 
mays L., C. hyssopifola H.B.K., D. longan Lour., Durio zibethinus L., E. javanica, Eupatorium 
odoratum L., Euphoria longana Lamk., Fragaria ananassa Guedes, Hopea odorata Roxb 
(Maksong., 2008 Suwannapong et ah, 2011). Therefore, A. dorsata reportedly uses fewer food 
plants than A. florea. Only 38 species are reportedly used by A. dorsata: Ageratum conyzoides 
L., Amomum xanthioides Wall., Anacardium occidentale L., Blumea balsamifera L. DC., Bidens 
biternata Merr. and Sherff., Celosia argentea, Cinnamomum kerrii Kosten, Citrus aurantifolia 
Swing., C. maxima (J. Burman ) Merr., Cocos nucifera L. (Maksong 2008; Suwannapong et ah 
2011). However, few hundred plant species visited by A. cerana. There are more than 68 
species are A. cerana bee plant in Thailand. These include Aeschynomene americana L., 
Ageratum conyzoides L., Amomum xanthioides Wall., Anacardium occidentale L., Antigonon 
leptopus Hook. Balakara baccata Roxb., Bidens biternata Merr. & Sher, Brachiaria ruziziensis 
Germain & Evrard, Castanopsis acuminatissima Rehd., Cinnamomum kerrii Kosten, Coccinia 
grandis CL.Voigt, Cocos nucifera L., Coffea Arabica L., Conyza sumatrensis Retz. The number of 
bee flora of the introduced honeybee species in Thailand are more than 54 species such as 
Ageratum conyzoides L. , Durio zibethinus L., Euphoria longana Lamk., Fragaria ananassa 
Guedes, Leersia hexandra Sw., Macadamia integrifolia maiden & Betche, Mikania cordata Roxb., 
Mimosa pigra, Musa acuminata Colla., Nephelium lappaccum L., Ocimum basillicum L., 
Oryza sativa L., Oxalis acetosella L., Prunus mume Sieb., Psidiutn guajava L., Sesamum 
indicum L., Schoenoplectus juncoides (Roxb.) Palla, Raphanus sativus L. (Maksong, 2008; 
Suwannapong et ah 2011). However, there are more than 100 crops in the united states 
are bee plants for Apis mellifera such as Abelmoschus esculentus, Actinidia deliciosa, Allium cepa, 
Anacardium occidentale, Apium graveolens, Arbutus unedo, Averrhoa carambola,Brassica alba, 
B. hirta, B. nigra, B. napus, B. oleracea cultivar, B. rapa, Cajanus cajan, Carica papaya, Carthamus 
tinctorius, Carum carvi, Castanea sativa, Citrullus lanatus, Citrus reticulate, Cocos nucifera, 
Coffea spp., Coriandrum sativum, Coronilla varia L., Cucumis melo L., Cucumis satavus, Cyamopsis 
tetragonoloba, Cydonia oblonga Mill, Daucus carota,Dolichos spp. Dimocarpus longan, Diospyros 
kaki, D. virginiana, Elettaria cardamomum, Eriobotrya japonica, Fagopyrum esculentum, 
Feijoa sellowiana, Foeniculum vulgare, Fragaria spp., Glycine max, G. soja, Helianthus annus, 
Juglans spp., Linum usitatissimum, Lichi chinesis, Lupinus angustifolius L., Macadania ternifolia, 
Malpighia glabra, Malus domestica, Mangifera indica, medicago sativa, Nephelium lappaceum, 
Onobrychis spp., Persea Americana, Phaseolus spp., P. coccineus L., Pimenta dioica, Prunus 
armeniaca, P. avium spp., P. cerasus, P. domestica, P. spinosa, P. dulcis, P. amygdalus, P. persica, 
Psidiutn guajava, Punica granatum, Pyrus communis, Ribes nigrum, R. rubrum, Rosa spp., R. 
idaeus, R. fructicosus, Sambucus nigra, Sesamum indicum, Solatium melongena, Spondias spp., 
Tamarindus indica, Trifolium alba, T. hybridum L., T. incamatum, T. pretense, T. vesculosum, 
Vaccinium spp., V. oxycoccus, V. macrocarpon, Verciafaba, Vigna unguiculata, Vitellaria paradoxa 
(http://en.wikipedia.org/wiki/list_list_of_crop_plants_pollinated_by_bees). 
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Number 

Plant species 

Nectar source 

Pollen source 

1 

Ageratum conyzoides L. 

+ 

+ 

2 

Amomum xanthioides Wall. 

+ 

+ 

3 

Balakara baccata Roxb. 

+ 

+ 

4 

Blumea balsamifera (L.) DC. 

+ 

+ 

5 

Bidens bitemata Merr. & Sherff. 

+ 

+ 

6 

Brachiaria ruziziensis Germain&Evrard 

- 

+ 

7 

Brassica chinensis Jusl var. 

+ 

+ 

8 

Castanopsis acuminatissima Rehd. 

- 

+ 

9 

Ceiba pentandra (L.) 

+ 

+ 

10 

Cinnamomum kerrii Kosten 

+ 

+ 

11 

Citrus aurantifolia Swing. 

+ 

+ 

12 

Citrus maxima (J. Burman ) Merr. 

+ 

+ 

13 

Coccinia grandis CL.Voigt 

+ 

+ 

14 

Cocos nucifera L. 

+ 

+ 

15 

Coffea Arabica L. 

+ 

+ 

16 

Coriandrum sativum L. 

+ 

+ 

17 

Conyza sumatrensis Retz. 

+ 

+ 

18 

Crataeva magna Lour. 

+ 

+ 

19 

Croton oblongifolius Roxb. 

+ 

+ 

20 

Cuphea hyssopifola H.B.K. 

+ 

- 

21 

Dalbergia oliveri Gamble ex Prain 

+ 

+ 

22 

Datura metel L. 

+ 

+ 

23 

Dillenia ovata Wall. 

+ 

+ 

24 

Dimocarpus longan Lour. 

+ 

+ 

25 

Diospyros glandulosa Lacc. 

+ 

+ 

26 

Diospyros areolata King & Gamble 

+ 

+ 

27 

Duabanga grandiflora Walp. 

+ 

+ 

28 

E laeagnus latifolia L. 

+ 

+ 

29 

Erythrina suvumbrans Merr. 

+ 

+ 

30 

Eucalyptus camaldulensis 

+ 

+ 

31 

Eugenia javanica 

+ 

+ 

32 

Eupatorium odoratum L. 

+ 

+ 

33 

Euphoria longana Lamk. 

+ 

+ 

34 

Fragaria ananassa Guedes 

+ 

+ 
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Number 

Plant species 

Nectar source 

Pollen source 

35 

Gmelina arborea Roxb. 

+ 

+ 

36 

Hopea odorata Roxb. 

+ 

+ 

37 

Jacaranda filicifolia D.Don 

+ 

+ 

38 

Leersia hexandra Sw. 

- 

+ 

39 

Leucaena leucocephalade Wit. 

- 

+ 

40 

Litchi chinensis Sonn 

+ 

+ 

41 

Macadamia integrifolia maiden & Betche 

+ 

+ 

42 

Mangifera indica L. 

+ 

+ 

43 

Mikania cordata Roxb. 

+ 

+ 

44 

Mimosa diplotricha C. Wright. 

+ 

+ 

45 

M. pigra 

+ 

+ 

46 

M. pudica L. 

- 

+ 

47 

Muntingia calabura L. 

+ 

+ 

48 

Musa acuminata Colla. 

+ 

+ 

49 

M. sapientum L. 

+ 

+ 

50 

Ocimum sanctum L. 

+ 

+ 

51 

Oryza sativa L. 

- 

+ 

52 

Oxalis acetosella L. 

+ 

+ 

53 

Passiflora laurifolia L. 

+ 

+ 

54 

Prunus cerasoides D.Don 

+ 

+ 

55 

P. mume Sieb. 

+ 

+ 

56 

Psidium guajava L. 

+ 

+ 

57 

Raphanus sativus L. 

+ 

+ 

58 

Schoenoplectus juncoides (Roxb.) Palla. 

- 

+ 

59 

Shorea siamensis Miq. 

+ 

- 

60 

Solanum toroum SW. 

+ 

+ 

61 

Spilanthes paniculata Wall. Ex DC. 

+ 

+ 

62 

Synedrella nodiiflora (L.) Gaerth. 

+ 

+ 

63 

Wedelia trilobata (L.) Hiteh. 

- 

+ 

64 

Wrightia arborea (Dennst.) Mabb. 

+ 

+ 

65 

Zea mays L 

- 

+ 

66 

Zizyphus mauritiana Lamk. 

+ 

- 


Table 1. Nectar, pollen and Nectar and pollen source plants of Thai honeybees 
(Suwannapong et ah, 2011) 
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The quality of fruits and seed of any plant species are dependent upon the intensity of 
pollination that involves the transfer of the male gamete, pollen, from the anther to the 
stigma, the receptive female structure of the flower. If the pollen is viable and compatible 
with the female tissue, it will produce a pollen tube that grows down into the ovary where 
fertilization of the ovule occurs, leading to the formation of a seed. Honeybees are a good 
facilitator for moving pollen from one part of a flower to another, or from one flower to 
another. Furthermore, insufficient pollen transfer can lead to poor fertilization of ovules, 
non-symmetrical fruit, and high rates of fruit drop. Many of these problems can be avoided 
by placing honeybee colonies in the orchard during the bloom period. The proper use and 
placement of honeybee colonies will help insure maximum benefits of pollination (Partap, 
1992; Suwannapong et ah, 2011). 



Fig. 1. Apisflorea is foraging on flower. 


Honeybees in the genus Apis have been used for crop pollination worldwide. A good system 
of pollination management is very important for the protection of the abundance and 
diversity of pollinators, especially in relation to the increasing monoculture systems 
worldwide that are reducing the diversity of forage resourcessuch as almond and apple 
orchards, and blueberry crops which require honeybee pollination. Therefore, good 
management of natural pollination by insects such as honeybees results in increasing quality 
and quantity of agricultural products and gives rise to new financial opportunities. 
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3.1 Honeybee foraging behavior 

A forager may prefer the nectar of one flower species. It is to her advantage to visit flowers 
producing greater quantities of nectar with a higher sugar concentration. The sugar 
concentration in the nectar of a given plant species may vary depending upon its location, 
time of day, and genotype. If nectar with a high sugar concentration is available, a forager of 
A. mellifera can carry as much as 70- 80 mg of nectar per load (Akratanakul, 1976; Partap, 
1992; Partap and Partap, 1997). There are differences among flowering plant species with 
respect to nectar and pollen production. Not all plant species possess nectaries (glands 
secreting nectar) or have nectar that bees can reach with their proboscis (tongue) (Partap, 
1992). Nectaries can be located in various areas of the flower and some species have 
extrafloral nectaries that may be visited by bees. In addition, some bees may perform nectar 
robbing, making a small hole at the base of a flower in order to obtain the nectar. In this 
case, the bee does not perform any pollination service for the "robbed" plant. 

Honeybees are unlikely to make many repeat visits if a plant provides little reward. A single 
forager will visit different flowers in the morning and, if there is sufficient attraction and 
reward in a particular kind of flower, she will make visits to that type of flower for most of 
the day, unless the plants stop producing reward or she detects forage-marking pheromones 
left by other bees to avoid revisiting the nectar-depleted flower. 

Workers of all honeybee species carry nectar internally. Part of their alimentary canal is 
modified to form a "honey sac" or "honey stomach". After returning to the hive, the forager 
regurgitates the nectar to one or more house bees, which then dehydrate the nectar and 
convert it into honey. They use the enzyme invertase, which splits sucrose in the nectar into 
fructose and glucose, the sugars predominant in honey. To dehydrate the nectar, house bees 
regurgitate a part of the nectar and hold the droplet in their mouthparts (Partap, 1992; 
Partap and Partap, 1997). 

Honeybee body are covered with abundant setae which pollen grains are attached while she 
forage both for nectar and pollen. They make pollen to be pellets with nectar and carry them 
by pollen baskets on the hind tibiae and storage in the pollen storage area (Partap, 1992). 

In addition to collecting nectar and pollen, foragers can collect plant gum (propolis) and 
water (Fanesi et al., 2009; Marcucci, 1995; Bankova et al, 1983, 2000). 

Propolis is a resinous hive product collected from various plant materials by honeybee 
workers. In some countries, and especially in Eastern Europe, propolis has been used in folk 
medicine for centuries. Its chemical composition includes flavonoids, aromatic acids, esters, 
aldehydes, ketones, fatty acids, terpenes, steroids, amino acids, polysaccharides, 
hydrocarbons, alcohols, hydroxybenzene, and several other compounds (Marcucci, 1995; 
Bankova et al., 1983, 2000) which varies according to the plants in a specific region. The 
flavonoids (mainly pinocembrin) are considered to be responsible for its inhibitory effect on 
bacterial and fungus, but only traces of these compounds have been found in propolis of 
South American origin (Tomas-Barberan et al., 1993). In addition, it works against bacteria in 
several ways, such as preventing bacterial cell division, and breaking down bacterial walls 
and cytoplasm. Cinnamic acid extracts of propolis prevented viruses from reproducing, but 
they worked best when used during the entire infection (Challem, 1995). 
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Fig. 2. Pollen source plant of Apis dorsata 


3.2 Honeybee communication 

Foragers communicate their floral findings in order to recruit other worker bees of the 
hive to forage in the same area. The factors that determine recruiting success are not 
completely known but probably include evaluations of the quality of nectar and/or pollen 
brought in to the hive. Honeybees communicate to each other by two ways: the physical 
communication by the dance language and the chemical communication by means of 
pheromone and/or odor that transmit important information to members of the honeybee 
colony. Pheromones play an important role in recruitment communication (Free, 1987). 
They use pheromones to guide nestmates for food sources, warn them of danger signal, 
mark territory area (Leal, 2010). Honeybee can smell or detect odor or chemical signal 
such as pheromone, flower odor, nectar by sensory receptor located on the flagellum of 
their antennae (Suwannapong et al, 2010). 

3.3 Foraging behavior using forage - Marking pheromone 

Honeybees have sophisticated foraging coordination and communication (von Frisch, 1971; 
Suwannapong, 2000). This activity is only performed by workers, known as foragers or 
foraging bees. Some foragers specialize on pollen foraging and some on nectar foraging. 
Between these extremes, there are a large number of generalists who collect both (Fewell 
and Page, 1993). The range for the onset of foraging ranges from 18.3 days (Sakagami, 1953) 
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to 37.9 days of age (Winston and Ferguson, 1985). This food consists of carbohydrates and 
proteins (nectar and pollen, Seeley, 1985). Under normal conditions, worker bees begin to 
forage when they are about 2 to 3 weeks old. Foraging is the last chore in the life of a 
worker. Part of the colony's stored honey is consumed by foraging bees who need fuel and 
therefore consume a certain amount of honey to ensure that she will have a sufficient energy 
supply for her round-trip journey (Akratanakul, 1976; Seeley, 1985). To obtain a full load of 
nectar and pollen (or both) in a single trip, she may have to visit several hundred flowers 
(Akratanakul, 1976). The amount of energy she expends, related to the amount of food she 
collects, is determined largely by factors such as the amount of nectar obtained per flower, 
floral density per rmit area, the distance from the hive, and weather conditions 
(Akratanakul, 1976; Partap, 1992; Partap and Partap, 1997). 

It has been also reported that A. mellifera foragers use 2-heptanone to mark previously 
visited flowers, thereby signaling nectar depletion to other bees (Engels et al., 1997; Giurfa, 
1991). However, the four native Thai Apis species do not appear to use aversive pheromone 
marking during foraging (Suwannapong, 2000; Suwannapong et al., 2010c). For example, 
they may revisit the same flower briefly after the first visit and continue to forage on the 
same flower simultaneously with several bees of their own species or other species. 
Suwannapong (2000) observed A. florea, two to three bees of A. cerana, one to two bees of A. 
dorsata and one to two bees of A. andreniformis visiting the same flower (Suwannapong, 
2000). It is also possible that honeybees, like bumblebees, can learn to associate floral 
depletion or floral reward using olfactory cues like cuticular hydrocarbon "footprints," 
which are deposited while walking on the food source (Leadbeater and Chittka, 2007). 
However, this remains to be investigated. 

The mandibular gland of A. mellifera, the source of this putative food-marking pheromone is 
primarily 2-heptanone. However, the primary component of mandibular gland secretions in 
Thai honeybees is (Z)-ll-eicosanol. In general, the ten most abundant components in the 
mandibular glands of all these species are 80% similar (Suwannapong, 2000). 

3.4 Forage marking pheromones 

Most honeybee pheromones are produced by exocrine glands, which are ectodermal glands 
of the epidermis that secret to the outside of the body. Each pheromone consists of odorants 
with a mixture of low molecular weight that move through the air and are perceived by bee 
antennae. Some pheromones and semiochemicals are perceived through direct contact with 
the antenna (Haynes & Millar 1998). Honeybee mandibular glands are pheromone- 
producing exocrine glands whose secretions may function as alarm pheromone, which is an 
important component of colony defense (Blum, 1969). The mandibular glands are largest 
relative to body size in queens, large and well-developed in workers, and very small in 
drones. The secretory product of workers mandibular glands has an oily appearance, and its 
major component is 2-heptanone, a volatile substance that accumulates in the central 
reservoir (Engels et al., 1997). 

The function of worker mandibular gland pheromone is unclear. At high concentrations, 
this pheromone may be repellant (Balderrama et al., 1996). Shearer and Boch (1965) reported 
that 2-heptanone is the main compound of worker mandibular gland and acts as a 
secondary alarm pheromone in A. mellifera guards. Maschwitz (1964) suggested that 
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mandibular glands produce alerting pheromones, although a less effective one than the 
sting apparatus pheromones. Shearer and Boch (1965) identified 2-heptanone from 
mandibular gland secretions. Guard bees were alerted by, and attacked, filter paper carrying 
2-heptanone placed at the hive entrance. Boch and Shearer (1971) therefore suggested that 2- 
heptanone has two functions: alarm (with lower efficacy than the sting gland) and repelling 
workers when deposited on exhausted floral resources. However, Nieh (2010) reported that 
foragers collecting food exhibited no alarm behavior in response to mandibular gland 
extracts, although they were clearly alarmed by sting gland extract. The response of other 
Apis species to worker mandibular gland pheromone is similarly unclear. Guards and 
foragers of A. florea and A. cerana showed diverse responses to Z-ll-eicosen-l-ol, the main 
component of mandibular gland pheromone in these species (Suwannapong et al., 2010). 
Moreover, the flower-marking hypothesis is not consistent with the finding that 2- 
heptanone can attract foragers at low concentrations (Shearer and Boch, 1965; Boch and 
Shearer, 1971; Kerr et al., 1974; Vallet et al., 1991), as would occur on flowers shortly after 
pheromone deposition. 

Worker Apis mandibular gland pheromone may play a key role in two important aspects of 
colony life, defense and foraging, but its function in honeybees remains unclear. 
Understanding the function of this pheromone is significant because of the importance of 
studying honeybee forage marking pheromone in terms of practical apiculture; for 
understanding how honeybees use pheromones to mark nectar depleted flowers to save 
energy; for describing the role of pheromone as an attractant when a new and rich food 
source is discovered; and for application to increase honeybee pollination. For example, if 
the pheromone (like queen mandibular pheromone) is an attractant it can be applied in the 
field to attract bees to pollinate certain plant crops, which there are now commercial 
examples that are used to increase crop yields (Currie et al., 1992a; Currie et al., 1992b). On 
the other hand, if worker mandibular gland pheromone is a repellant, it may be useful in 
repelling bees where they are not wanted. 

4. Physical communication through the waggle dance 

Honeybees also communicate for the food sources by physical communication known as bee 
dances or dancing behavior. When a forager finds a food source, it must communicate the 
location of the discovered food source to her nestmates. Extensive research shows that 
honeybees dance inside the nest after a successful foraging trip and communicates to her 
nestmates with information about the resource. In some social insects, pheromone trails are 
used to communicate similar messages. What is remarkable about honeybees is that foragers 
do not follow the scout (the scout may remain in the hive for hours). It conveys to its fellows 
the direction and distance. Shortly after its return, many foragers leave the hive and fly 
directly to the food (Wenner, 1964). The remarkable thing about this is that the foragers do 
not follow the scouts back (the scouts may remain in the hive for hours). It turns out that the 
scouts can convey to the foragers information about the food of odor, the distance and the 
direction from the hive. So the scout bees have communicated to the foragers the necessary 
information for them to find the food on their own. Honeybees guide their nest mate for the 
distance and direction. The dance essentially encodes the information her nestmates need to 
know in order to successfully revisit the same resource patch. 
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Variations of the dance exist, depending on the distance of the communicated source from 
the colony. The round dance is performed when the resource is within 50 meters from the 
hive. This dance consists of a scout bee, or returning forager, performing a series of narrow 
circular movements that may be repeated. Resources that are perceived as rewarding will 
have higher dance circuits performed. Similar behaviors occur for resources that are greater 
than 100 meters from the hive. These dances are more commonly known as the "waggle 
dance," and encodes the direction and distance of the food source to her nestmates. Scout 
bees fly from the colony in search of pollen and nectar. If successful in finding good supplies 
of food, the scouts return to the hive and "dances" on the honeycomb. When the dance 
occurring, the honeybee first walks straight ahead, vigorously shaking its abdomen and 
producing a buzzing sound with the beat of its wings. The distance and speed of this 
movement communicates the distance of the foraging site to the others. Communicating 
direction becomes more complex, as the dancing bee aligns her body in the direction of the 
food, relative to the sun. The entire dance pattern is a figure-eight, with the bee repeating 
the straight portion of the movement each time it circles to the center again. Honeybees also 
use two variations of the waggle dance to direct others to food sources closer to home. The 
round dance, a series of narrow circular movements, alerts colony members to the presence 
of food within 50 meters of the hive. This dance only communicates the direction of the 
supply, not the distance. The sickle dance, a crescent-shaped pattern of moves, alerts 
workers to food supplies within 50-150 meters from the hive. However, such dances should 
be thought as a continuum of one type of dance - the waggle dance and not multiple types 
of dances (Kirchner et ah, 1988). There is no evidence that this form of communication 
depends on individual learning. 

The orientation of the dance correlates to the relative position of the sun to the food source, 
and the length of the waggle portion of the run is correlated to the distance from the hive. 
Also, the more vigorous the display, the better the food. There is no evidence that this form 
of communication depends on individual learning. Von Frisch performed a series of 
experiments to validate his theory. Other honeybee species have a similar method of 
communicating resources to their nestmates. For example, in A. florea and A. andreniformis 
(the "dwarf honeybees"), the dance is performed on the dorsal, horizontal portion of an 
exposed nest. The runs and dances point directly toward the resource in these species, 
rather than relative to the sun. Although different species of honeybees have waggle dances, 
the duration of the waggle dance and the distance being communicated to her nestmates are 
unique. Such species-specific behavior suggests that this form of communication does not 
depend on learning but is rather determined genetically. Each honeybee species has a 
characteristically different correlation of "waggling" to distance, as well. Such species- 
specific behavior suggests that this form of communication does not depend on learning but 
is rather determined genetically. Honeybees might use both dance and pheromone to guide 
the nestmates to find the food source. Various experimental results demonstrate that the 
dance does convey information, but the use of this information may be context-dependent, 
and this may explain why the results of earlier studies were inconsistent (Nieh, 1998). In 
essence, both sides of the "controversy" agree that odor is used in recruitment to resources, 
but they differ strongly in opinion as to the information content of the dance. Honeybees 
also have ability on a cognitive map of visible landmarks for their food sources. 
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In addition to the waggle dance, honeybees use odor cues from food sources to transmit 
information to other bees. Some researchers believe the scout bees carry the unique smells of 
flowers they visit on their bodies, and that these odors must be present for the waggle dance 
to work. Using a robotic honeybee programmed to perform the waggle dance, scientists 
noticed the followers could fly the proper distance and direction, but were unable to 
identify the specific food source present there. When the floral odor was added to the 
robotic honeybee, other workers could locate the flowers. After performing the waggle 
dance, the scout bees may share some of the foraged food with the following workers, to 
communicate the quality of the food supply available at the location. Honeybees might use 
both dance and pheromones to guide their nestmates to find a food source. Various 
experimental results demonstrate that the dance does convey information, but the use of this 
information may be context-dependent, and this may explain why the results of earlier 
studies were inconsistent. In essence, both sides of the "controversy" agree that odor is used 
in recruitment to resources, but they differ strongly in opinion as to the information content 
of the dance. Honeybees also have the cognitive ability to visible recognize and learn 
landmarks for their food sources (Vladusich et al., 2005). 

5. Color, shape and odor learning in honeybees 

Honeybees can distinguish color, shape and symmetry. They have good photoreceptor 
organs — compound eyes located beside both side of the lateral head. Each compound eye 
consists of few thousand of ommatidia (Snodgrass, 1925; Suwannapong and Wongsiri, 
1999). Each ommatidium is composed a crystal line lens. Within each ommatidium, light 
is focused onto eight light sensing cells (retinal cells) arranged in a radial pattern like 
sections of an orange (Giurfa, 1991; Giurfa et al., 1995). The pigment cells ensure that only 
light entering the ommatidium — roughly parallel to its long axis — reaches the visual cells 
and triggers nerve impulses. The brain then takes the image from each tiny lens and 
creates one large mosaic-like picture. Workers of A. mellifera have about 4,000-6,000 
ommatidia (Giurfa, 1991; Giurfa et al., 1995; Giurfa et al., 1996a; Giurfa et al., 1996b; 
Suwannapong and Wongsiri, 1999). 

Honeybees have trichromatic color vision. Each ommatidium consists of four cells that 
respond best to yellow-green light (544 nm), two that respond maximally to blue light (436 
nm) and two that respond best to ultraviolet light (344 nm). This system enables the 
honeybee to distinguish colors, and this has been amply demonstrated in behavioral 
discrimination experiments (Chapman, 1998; Giurfa, 1991; Giurfa et al., 1996a, 1997). 
Although honeybees perceive a fairly broad color range, they strongly differentiate six 
major categories of color: yellow, blue-green, blue, violet, ultraviolet, and also a color known 
as "bee purple", a mixture of yellow and ultraviolet (Chapman, 1998; Giurfa, 1991; Giurfa et 
al., 1996a). However, bees see red poorly. Differentiation is not equally good at all 
wavelengths and is best in the blue-green, violet, and bee purple colors. 

In addition, honeybees can discriminate various shapes and patterns, inability useful in 
recognizing different flowers and in local landmark orientation (Giurfa et al., 1995,1996b). 
Honeybees can easily differentiate between solid and broken patterns, but show a 
preference for broken figures (Guirfa et al., 1995). Honeybees also have three smaller 
eyes in addition to their two compound eyes. These simple eyes that are called ocelli 
(singular: ocellus), are located near the top of a bee's head. The ocelli only provide 
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information about light intensity; they cannot resolve images (Chapman, 1998; Giurfa, 
1991; Giurfa et al, 1996a, 1996b). 

Honeybees collect the nectar and pollen of flowers as food for their colony. When 
performing this task, honeybees show flower constancy (Gohlke, 1951-1961); individual 
honeybees exclusively visit flowers of the same species as long as nectar is provided. 
However, honeybees are not explicitly specialized to forage on specific flower species. They 
are generalists in their ability to learn the color, odor and shape of all kind of flowers 
(Backhaus, 1993). Honeybees have ability to learn and remember the color, shape, and 
fragrance of flowers that are bountiful in these nutrients, and also how to get to them. A bee 
can learn a new color in about half an hour (after it has made about five visits to collect a 
food reward), a new pattern in about half a day (after 20-30 rewarded visits), and a new 
route to a food source in about 3 to 4 visits. It can learn to visit different species of flowers at 
different locations, at different times of the day (Srinivasan, 2010). 

6. Factors impacting honeybee population leading the pollination decline 

A significant decreasing colony population in many countries evokes concerns about 
pollination of crops and wild plants. For four consecutive years, the U.S. has experienced 
combined colony losses far greater than the level considered normal by beekeepers 
(vanEngelsdorp et al., 2010). European countries have also reported elevated rates of colony 
mortality and isolated cases of colony abandonment. The continued collapse of honeybee 
populations may threaten the success of pollination services honeybees provide. While the 
cause or causes for these losses are not yet completely understood, most researchers agree 
that it is not due to a single factor (Oldroyd 2007), involving global warming, honeybee 
pests and diseases, pesticides, and colony collapse disorder. 

6.1 Global warming 

Global warming and climate change may affect the relationship between plants and their 
pollinators. Numerous studies have already shown advanced flowering times (Abu-Asab et 
al 2001), and other pollinators, such as butterflies, are also peaking earlier in the season (Roy 
and Sparks, 2000). 

Honeybees forage in extreme weather conditions, however the level of pollination has 
recently dropped as a result of honeybee population decline (often associated with CCD).. 
Observed losses would have significant economic impacts. Possible explanations for 
pollinator decline include habitat destruction, extensive use of pesticides, pathogens, 
parasites, and changing environmental conditions. These factors affect indigenous bee 
populations in their natural habitat by reducing the availability of both foraging area and 
nesting locations. In some cases, the flowering period of a plant may not correspond to the 
peak or emergence of its corresponding pollinator (Jump and Penuelas et al 2002). How 
honeybees might be affected by such changes remains unknown. Although, honeybees are 
generalists, and forage on many plant species, and display remarkable plasticity to various 
environmental conditions. For example, honeybees found in the oases of the Sahara are able 
to thrive in hot conditions (Ruttner, 1988) by collecting water for evaporative cooling to 
thermoregulate the colony. Under cold conditions, honeybees will form tight clusters inside 
the hive and create heat by isometrically contracting their thoracic muscles (Seeley, 1996). 
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Not all plant-pollinator mutualisms are at risk due to climate change (Rafferty and Ives 
2011), It also affects populations isolated by habitat fragmentation, possibly limiting the 
expansion of bee-dependent plant species that may shift, especially for native bees (Opdam 
and Wascher 2004). Thus, encouraging the diversity and yield of native plants may foster 
the growth and sustainability of native bee populations, which are currently in decline and 
are also important pollinators (Luck et al 2003; Kremen et al. 2002). 

To protect bees farmers should avoid using pesticides or other chemicals, as honeybees 
often suffer ancillary mortality. Beekeepers should be encouraged to use native plant species 
instead of exotics. They should also increase the diversity of bee flora in order to increase 
foraging and crop yields. Most honeybee species are generalists, feeding on a range of plants 
through their life cycle. By having several plant species flowering at once, and a sequence of 
plants flowering through spring, summer, and fall, it is possible to support a range of 
honeybee species that pollinate throughout the season. 

6.2 Pests and diseases 

There are numerous pests and diseases afflicting honeybees. Among them, Varroa mites and 
Nosemosis are of most concern to honeybee researchers and beekeepers (Fries, 2010; 
Genersch 2010). 

Varroa mites (Varroa destructor) were introduced in the U.S. during the 1980s and have 
contributed to the decline of healthy honeybee colonies (Committee on the Status of 
Pollinators in North America, 2006). These mites are external parasites that attach 
themselves and feed on the developing pupae inside the colony, eventually reproducing. 
Once the adult honeybee emerges, mature Varroa will spread to other bees and developing 
brood. Parasitized bees that emerge develop with reduced fitness, including reduced 
lifespan (Dejong and Dejong, 1983), improper development of hypopharyngeal glands 
(Schneider and Drescher, 1987), and possess deformed wings (Akratanakul and Burgett, 
1975). Drones that are parasitized are known to have reduced sperm quality (Collins and 
Pettis, 2001). 

While methods to control populations of Varroa are available (i.e., acaricides), few options 
are available to beekeepers that completely eliminate the parasite, making their colonies 
susceptible to future infections (Afssa, 2009). 

Nosema is considered one of the most widespread adult honeybee diseases, and although 
Nosema apis has been known to beekeepers for more than one hundred years, the emergence 
of a new species, Nosema ceranae, and its dissimilarity from pathology and epidemiology 
than N. apis (Fries, 2010), has renewed interest in how this emergent disease contributes to 
the recent global decline of honeybees (Paxton, 2010). 

Nosema primarily affects the digestive system of adult honeybees, resulting in malnutrition, 
and ultimately, host death (Malone et al., 1995). It also disrupts the proper development of 
the host's hypopharyngeal glands (Suwannapong et al., 2011), which function to produce 
proteinaceous food for developing brood and other adult bees, and assist in converting 
nectar to honey in forager bees and food storers (Seeley, 1996). Colonies that are known to 
be strong by a beekeeper may experience a sudden collapse of the colony due to the inability 
of the queen to replace the loss of infected bees (Higes, 2008). The use of fumagillin to 
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control Nosemosis, when used and stored properly, can be effective, and the lack of finding 
chemicals of the active ingredient in collected honey is also promising for continued and 
commercial use (Higes, 2011). 

6.3 Pesticides and chemical spraying 

Pesticides are substances used to eliminate unwanted pests. Unfortunately, honeybees are 
insects and are greatly affected by insecticides. Pesticides have received much attention by 
beekeepers as the primary cause of colony declines(Doucet-Personeni et al., 2003; 
vanEngelsdorp et al., 2011). There are several ways honeybees can be killed by insecticides. 
One is direct contact of the insecticide on the bee while it is foraging in the field. The bee 
immediately dies and does not return to the hive. In this case the queen, brood and nurse 
bees are not contaminated and the colony survives. The second more deadly way is when 
the bee comes in contact with an insecticide and transports it back to the colony, either as 
contaminated pollen or nectar, or on its body. The main symptom of honeybee pesticide kill 
is large numbers of dead bees in front of the hives. Another symptom is a sudden loss of the 
colony's field force. After a honeybee pesticide loss the colony may suffer additionally from 
brood diseases and chilled brood. In this case the queen, brood and nurse bees are not 
contaminated and the colony survives. The second, more deadly way is when the bee comes 
in contact with an insecticide and transports it back to the colony, either as contaminated 
pollen or nectar or on its body. Honeybee colonies that are exposed to pesticides typically 
have a large number of dead bees in close proximity to the hive. Another symptom is a 
sudden loss of the colony's field force. Exposure to pesticides may make them more 
susceptible to other diseases, such Nosema (Alaux et al., 2010; Vidau et al., 2011). 

Colonies that have been exposed to pesticides may recover if proper steps are taken. If a 
colony has lost a majority of its field force but has abundant honey and pollen it will usually 
recover without assistance from the beekeeper. If brood and nurse bees continue dying, the 
pesticide is present in the hive, probably in the pollen supplies. The colony will continue to 
die as long as the poison remains in the hive. In these cases the combs must be cleaned or 
removed and soaked in water for 24 hours. The pollen should be washed from the cells and 
the combs allowed to dry. Another method is to remove the wax comb and replace it with 
new foundation. To help colonies recover from bee poisoning, the colonies should be fed 
sugar syrup, pollen, and water, and then a package of bees should be added or weak 
colonies combined. The bees should be protected from heat or cold, and them moved to a 
pesticide-free area with natural nectar and pollen sources. 

Bees poisoned with a pesticide will contaminate nectar and pollen back at the hive, 
especially when bee farmers use the wrong condition or formulations. This includes 
spraying flowers at inappropriate times when honeybees are actively pollinating. In 
addition, honeybees also have an abnormal communication dance on the horizontal landing 
board outside the hive after being exposed to pesticides (Johansen, 1977). Moreover, 
application of sublethal doses of parathion causes mistakes in communicating time sense, 
distance and direction of feeding sites (Johansen, 1977). 

With significant and increasing colony population declines in many countries there is 
concern about crop and wild plant pollination. The inappropriate use of pesticides has 
negative effects on honeybee colony populations. Fortunately, pesticides are very well 
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regulated to control specific host or target species that would otherwise consume the plants 
and if used appropriately should not have effects on non target species. Pesticides should be 
applied in the evening hours because honeybees forage during the daytime. The appropriate 
choice of formulation and less toxic pesticide is also important for reducing associated 
honeybee mortality. 

Most recent research related to pesticides and honeybees has been focused on how pesticide 
exposure effects their behavior. Neonicotinoids, found systemically throughout all tissues of 
treated crops and target the nicotinic acetylcholine receptors (nAChRs) in agricultural pests, 
are potentially the most harmful insecticides to honeybees (Decourtye et al., 2010). 
Particularly, imidacloprid decreases foraging rates (Yang et al., 2008), olfactory learning 
(Decourtye et al., 2003; Decourtye et al., 2004), and recruitment to food sources (Kirchner, 
1999). Thiacloprid, another neonicotinoid, is toxic to honeybees (Decourtye et al., 2010) and 
is also extensively used in honeybee pollinated crops (Moritz et al., 2010). Residues of these 
insecticides are commonly found inside the hives of managed colonies (Mullin et al., 2010; 
Chauzat et al., 2009), yet no clear relationship has been made between pesticides and the 
increased loss of managed honeybees. 

6.4 Colony collapse disorder (CCD) 

Colony collapse disorder is a syndrome that is characterized by the sudden loss of adult 
bees from the hive. Many possible explanations for CCD have been proposed, but no one 
primary cause has been found. The number of managed honeybee colonies has dropped 
caused by combination of many factors such as pathogens, pests, diseases, pesticides and 
genetic modified plants, this means pollinator declines in general, have become serious 
environmental concerns. 
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1. Introduction 

Plantation forestry is making a significant positive contribution to the environment as well 
as to the livelihoods of millions of people in Asia. This chapter examines some of the major 
constraints facing commercial acacia and eucalypt plantations in South-east and East Asia 
and discusses adaptive actions in the face of climate change. Particular emphasis is placed 
on Vietnam and China but examples are also drawn from other parts of SE Asia where 
forest plantations are making a significant contribution to forest cover. The area of forest 
cover in Asia has declined greatly in the past 50 years due to an expanding population, and 
increasing demand for forest products and land for food and energy crops. For example, 
based on available documents, in 1943 Vietnam had 14.3 million ha of forests, with 43% 
forest cover; but by the year 1990 only 9.18 million ha remained, with a forest cover of 
27.2%. During the period 1980 to 1990, the average forest lost was more than 100,000 ha each 
year. However, from 1990 to the present, the forest area has increased gradually, due to 
afforestation and rehabilitation of natural forest. Based on the official statement in Decision 
No. 1267/QD/BNN-KL-LN, dated 4 May 2009, as of 31 December 2009, the total national 
forest area was 13.2 million ha (forest cover of 39.1%), including 2.9 million ha of plantation 
forest. Recently, China too has also been able to reverse the decline in forest cover due to 
forest protection and afforestation. According to the 7 th national forest resource inventory 
finished in 2008, there were 195.4 million ha (14.9 billion m 3 of standing wood volume) of 
forest in China, an increase of 20.5 million ha (1.1 billion m 3 standing wood volume) over 
the previous audit 5 years earlier. Of the increased forest area and volume, 3.9 million ha 
were from natural forests, and 8.4 million ha were from tree plantations. 

In the region, logging of natural forests is proceeding at alarming rates in some countries 
and is tightly controlled in others. In China, the "national natural forest protection program" 
was started in 2000, and any logging in natural forest is illegal, as is the case in Thailand. 
Following that the "national reforestation program" was initiated to established tree 
plantations in bare land for natural protection in nort-west China and wood production in 
southern China. Forests are classified as ecological forests and natural forest reserves which 
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the government will pay about 120 RMB per ha annually to the forest owners, or 
commercial forests for wood production. Likewise, the Government of Vietnam has given 
high priority to forest rehabilitation, as Program 327 and the 5 Million Hectare 
Rehabilitation Program (MHRP). Program 327, which lasted from 1993 until 1998, was 
effective in increasing afforestation and forest rehabilitation. The 5MHRP (1998 - 2010) had 
the objective of rehabilitating 5 million ha of forests and protecting existing forests, in order 
to increase forest cover to 43%. Unlike China and Thailand, Vietnam obtains more than 90% 
of its timber volume from natural forest. 

2. Acacia and eucalypt plantations 

There are over 4 million ha of eucalypts and nearly 2 million ha of acacias in plantations in 
East and SE Asia being grown predominantly for the pulp-wood market. In some areas, such 
as the Leizhou Peninsula of south China, plantations are in their 3 rd to 5 th rotation. By contrast, 
in parts of south-western Yunnan, central Lao PDR, north Vietnam and Kalimantan degraded 
lands are being converted to new hardwood plantations. Industrial scale eucalypt plantations 
began in Thailand in the 1970s, Lao PDR in the past 5 years and are just commencing at a small 
scale in Cambodia. In the Philippines, acacia and eucalypt plantations were established in the 
late 1980s but many on converted imperata grasslands have been unproductive. In the last 15 
years, the area of acacia plantations has expanded greatly in Indonesia and non-peninsular 
Malaysia. Plantations are mostly monocultures but may be integrated with agriculture (Figure 
1). The productivity range is broad, with the Mean Annual Increment (MAI) from less than 10 
to over 45 m 3 ha 4 yr 1 for eucalypts and 20 to over 50 m 3 ha -1 yr 1 for acacias. Plantations are 
mostly managed for short-rotation pulp wood (Turnbull 1999). However, there is an emerging 
interest in sawlog production in some countries. 

Eucalypt and acacia plantations in Asia are mainly planted in areas with tropical or 
subtropical climate. Rainfall may be distributed evenly across the year in parts of the wet 
tropics (Indonesia, Malaysia, eastern Mindanao) or there may be a prolonged dry season 
(e.g. central and north-eastern Thailand, south-western China). Temperate species of 
eucalypts and acacias are planted at higher altitudes where damage from low temperatures 
is a threat (e.g. some provinces in China, northern Lao PDR). The main eucalypt plantation 
belt in south China experiences a typical monsoon climate with wet season from May to 
October and dry season from November to April. The annual rainfall in this region is very 
variable, from 600 to 2500 mm annually. Vietnam is subject to the south-west monsoon from 
May to October and the northeast monsoon in winter. The country has two distinct climatic 
zones. From 16° latitude to the north, winter lasts from December to February, but without a 
marked dry season. From the 16° latitude southward, a marked dry season occurs from 
November to April. The average national rainfall is 1,300 - 3,200 mm, but some areas receive 
less than 500 mm (Phan Rang, Ninh Thuan province). The annual average temperature is 
21 °C in the north and 27°C in the south. Hence, subtropical/tropical species of acacias and 
eucalypts predominate in plantations. 

There are more than 3.5 million ha of industrial hardwood plantations in south China and 
more than 90% are eucalypt plantations. The eucalypt plantations are mainly distributed in 
Guangxi (1.25 million ha), Guangdong (1.15 million ha), Yunnan (0.25 million ha), Fujian 
(0.25 million ha), Hainan (0.2 million ha), Sichuan (0.15 million ha), Hunan (0.1 millon ha). 
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Fig. 1. Three types of production systems used for eucalypts in Asia. a. Monoculture of a 
single clone at high density (China), b. Intercropping in the first year (the trees are suffering 
from Fe deficiency, Thailand), c. Wood production on rice bunds (Thailand) 


Guizhou and Jiangxi provinces. Although eucalypts were first introduced to China over 100 
years ago, most of those plantations were established in the past 10 years to increase 
industrial wood production and will soon be converted into the second rotation. Before 
conversion to eucalypt plantations, most of the land was covered in low-yielding pine 
plantations or mixed pine forests, and some degraded lands were afforested. Annual wood 
production is about 40-50 million m 3 wood for plywood, wood chips for pulp production 
and middle or high density fibre board, poles and firewood. The production is estimated to 
grow to more than 50 million m 3 in 2 years as more new plantations reach their first 
harvesting age, at 5 years of age or older. The average MAI of these plantations is about 15- 
20 m 3 ha- 1 jr 1 . Usually, those plantations will be managed for coppice for the second rotation 
in south China. The main genetic materials used for plantations are: E. urophylla x grandis, E. 
grandis x urophylla, E. urophylla x tereticornis, E. urophylla x camaldulensis, E. grandis, E. dunnii, 
E. maidenii and E. smithii. Plantations of four species (E. dunnii, E. maidenii, E. smithii and 
some E. grandis plantations) were established with seedlings and clonal material has been 
used for the other genetics. In south China, most of the clonal planting stock comes from 
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tissue culture instead of cuttings. Acacias used to be used for commercial plantations in 
China, for example in Hainan Dao and Guangdong provinces. Recently, they are only used 
for ecological forest and vegetation recovery on infertile lands due to their low productivity 
and poor cold tolerance in south China. The wood has been used for pulp and plywood 
production in the past. 

There are more than 2.9 million ha of forest plantations in Vietnam, of which acacia and 
eucalypt plantations make up about 60%. The acacia and eucalypt plantations are mainly 
planted in Quang Ninh (0.1 million ha), Tuyen Quang (0.1 million ha). Yen Bai (0.1 million 
ha), Lang Son (0.1 million ha), Bac Giang (0.09 million ha), Phu Tho (0.1 million ha), Hoa 
Binh (0.09 million ha), Binh Dinh (0.07 million ha) and Thua Thien Hue (0.09 million ha). In 
total, about 200 provenances of 61 eucalypt species have been introduced to Vietnam for 
evaluation as plantation species (Nguyen Hoang Nghia, 2000). In addition to E. urophylla, 
the following species have shown potential for commercial production: Eucalyptus 
camaldulensis, E. exserta, E. grandis, E. microcorys, E. pellita and E. tereticomis (Nguyen Hoang 
Nghia, 2000). Plantations of E. urophylla clones U6 and PN14 are planted mostly in the 
northern provinces of Bac Giang, Vinh Phuc and Phu Tho. The rotation length in this part of 
Vietnam is about 5 to 6 years. Clone U6 is also planted in the centre of Vietnam, including 
Binh Dinh, Phu Yen and Quang Tri provinces. In addition, many clones of Eucalyptus 
hybrids were selected from trials for new commercial plantations from 2000 to 2010, but 
areas of these clones are still small due to limitations in propagation from cuttings. 

Acacias were introduced to Vietnam in the 1960s and of 16 species tested. Acacia 
auriculiformis showed good growth performance and was chosen for large scale plantings in 
many locations, mostly in southern provinces (Turnbull et al. 1998). From 1982 to 1995, a 
further five Acacia species (96 provenances) were screened in 6 provinces at low elevation. 
This led to A. mangium and A. auriculiformis being selected for planting in the north-east, 
centre and south-east of Vietnam, and A. crassicarpa in coastal zones. In the following 
decade, 25 temperate Acacia species were evaluated in the highlands and A. meamsii and A. 
melanoxylon are now being considered for plantations. In addition. Acacia difficilis, A. torulosa 
and A. tumida are planted on a limited scale in the dry zone in Binh Thuan province 
(Nguyen Hoang Nghia, 2003). 

In 1991, naturally occurring acacia hybrids were first observed growing at Ba Vi research 
station, Hanoi city. The parents of these natural hybrids were identified to be A. mangium 
and A. auriculiformis (Van Bueren 2004). Trials in both north and south Vietnam have shown 
that selected clones outperform their parents. For example, at 45 months, the growth of 
Acacia hybrids was 60 - 100% higher than A. mangium and 200 - 400% higher than A. 
auriculiformis at Ba Vi (Le Dinh Kha and Ho Quang Vinh, 1988). At present, hundreds of 
clones of natural and artificial Acacia hybrids have been placed in trials in plantations. In 
south-east Vietnam, the best clone gave a mean annual increment of 44 m 3 ha- 1 yr 1 while the 
worst clone gave a mean annual increment of 17.5 m 3 /ha/yr in the trials established. 

The supply of raw material for the wood pulp and paper industry is a key defining factor in 
forest plantation planning. In China it is expected that more than 70% of the wood harvested 
and 85% of the wood used for the wood industry will be from tree plantations. Annually, 
about 12 million m 3 eucalypt wood is used for pulp production and about 30 million m 3 
wood is used for plywood and fibre board manufacture. In Vietnam, the wood for this 
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industry currently comes from both natural forests and plantations, but increasingly is 
shifting to plantations. In 2000, 1.6 million m 3 of plantation wood went for industrial 
production. The national paper and pulp industries required about 300,000 m 3 /year. Timber 
from plantations is also used for manufacturing particle boards and MDF. Vietnam's 
national demand for saw logs was about 2.2 million m 3 in 2003. In 2000, some 390,000 m 3 of 
saw logs came from plantations, including 190,000 m 3 of rubber wood. Plantations mainly 
provide supplies of small timber. 

In central Vietnam, eucalypt wood is mainly processed into chips for export whereas in the 
north of the country, eucalypt wood is used for pulp, chip and housing construction. In 
Vietnam, Acacia wood is used for various purposes, depending on species and age. At the 
age of between 6 and 8, almost all kinds of Acacia wood are used for pulp, chip, finger join 
boards and MDF boards. Only a few trees with large diameter are being processed for sawn 
timber and construction materials. The rotation age for sawlogs is about 15 years. Acacia 
mangium wood is use mainly as raw materials for chip board, pulp and artificial board. A. 
auriculiformis wood is popular at present for the production of woodwork such as slat 
shaped products, finger join board, and engraved wood products because of its high 
physical properties (equivalent to those of Tectona grandis). The Acacia hybrids are being 
grown primarily for the production of pulp. 

Like all tree plantations, acacia and eucalypt plantations are vulnerable to pests and 
diseases. Over time, disease and pest problems have tended to increase in plantations 
(Wingfield 1999) and this has been particularly evident in eucalypt plantations in Asia (Dell 
et al. 2008). Recently, Wingfield et al. (2011) have concluded that plantations of Australian 
acacias are increasingly threatened by pests and pathogens. In addition, soil infertility when 
poorly managed can greatly limit productivity and predispose trees to some biotic agents. 
Major threats to acacia and eucalypt plantations in Asia will now be introduced followed by 
consideration of their management under climate change. 

3. Causes of stress and tree decline 
3.1 Abiotic factors 

Site condition and climate are key drivers of tree health and productivity. Soil fertility 
constraints for plantation productivity and their management are provided (Table 1). In 
general, as fertilization has become more routine in plantations, macronutrient deficiencies 
are becoming less common. Of particular importance are micronutrient deficiencies because 
they remain problematic, symptoms are common, and are not well managed (Xu and Dell 
2002, Dell et al. 2003, Dell et al. 2008). Some fertilizer practices exclude micronutrients even 
where symptoms are observable in the field (Dell et al. 2001). Furthermore, micronutrient 
disorders can be induced by fertilization with macronutrients which promote initial rapid 
tree growth that exceeds the supply characteristics of the plantation soil. This has been 
observed by us for B and Zn in acacias and B, Cu and Zn in eucalypts. In other situations, 
soil properties may restrict access by roots to micronutrients or limit their utilization (e.g. Cu 
and B in peaty soils in Indonesia, Fe in calcareous soils in Thailand and China), or soils may 
be so deficient in micronutrients that tree growth is severely impaired from an early age 
[e.g. Fe deficiency in Acacia mangium on acidic sands in Sumatra (Dell 1997), B deficiency in 
Eucalyptus in Yunnan (Dell & Malajczuk 1994)], or heavy metals in soils may result in Fe 
deficiency in A. mangium (Dell 1997). 
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Factor 

Occurrence 

Impact 

Management 

Nitrogen 

deficiency 

Soils low in organic 
matter content mostly 
in degraded lands, also 
sandy soils such as 
coastal sands, riverine 
deposits, volcanic 
deposits 

Chlorosis of older leaves, 
loss of basal foliage, 
reduction in canopy size, 
reduced growth 

Apply fertilizer, use legumes as 
intercrop species for eucalypts, 
ensure Acacia is nodulated with 
effective strains of Bradyrhizobium, 
retain harvest residue onsite 

Phosphorus 

deficiency 

Highly weathered soils 
of coarse texture and 
high P-fixing soils such 
as ferrosols, laterites, 
red and yellow earths 

Leaf reddening and 
sometimes necrosis, loss of 
basal foliage, reduction in 
canopy size, reduced growth 

Apply fertilizer, add effective 
mycorrhizal fungi to nursery 
containers if abundance and 
diversity are low in plantation 
soils, retain harvest residue onsite 

Potassium 

deficiency 

Soils of low cation- 
exchange capacity, 
sandy soils 

Leaf chlorosis and necrosis, 
loss of basal foliage, 
reduction in canopy size, 
reduced growth 

Apply fertilizer, retain harvest 
residue onsite 

Boron 

deficiency 

Sandy soils derived 
from sandstones and 
granite, quaternary 
deposits, peaty soils, 
some serpentine soils 

Shoot dieback, especially in 
the dry season, brittle and 
deformed leaves, multiple 
stems, twisted stems, altered 
fibre size in eucalypts, 
increased insect and fungal 
attack 

Include B (0.5-1.5 kg/ha) in the 
fertilizer blend at planting and 
reapply if foliar levels decline 
markedly 

Iron 

deficiency 

Calcareous and alkaline 
soils, occasionally on 
acid sands and 
serpentine soils 

Severe leaf chlorosis 

It is not economic to apply Fe 
fertilizer to soils of high pH due to 
the large amounts that are needed 
and their poor utilization. 
Application of organic matter can 
be beneficial. Select species and 
genotypes that are adapted to 
these soil conditions 

Copper 

deficiency 

Peaty soils such as in 
lowland swamps and 
some upland rainforests 

Impaired growth at the 
shoot tip, malformed leaves 
and sometimes stem 
bleeding and poorly 
lignified wood 

Include Cu (1-4 kg/ha) in the 
fertilizer blend at planting and 
spot apply to increase availability 

Zinc 

deficiency 

Lateritic and sandy 
soils, black earths, some 
volcanic soils 

Small leaves, dwarf trees 

Include Zn (0.5-2 kg/ha) in the 
fertilizer blend at planting 

Metal 

toxicity 

Soils derived from 
serpentine and other 
ultramafic rocks 

Leaf chlorosis, necrosis and 
tip dieback from toxic levels 
of Ni and other heavy metals 

Avoid planting sensitive species 


Table 1. Major soil fertility constraints for sustainable wood yield in acacia and eucalypt 
plantations in SE Asia and their management options. 


Eucalypts and acacias are sensitive to B deficiency resulting in loss of crown vigour, shoot 
death, poor stem form and bunchy canopies. Boron deficiency is a major constraint to the 
productivity of plantations in many parts of Asia, especially in new plantations in China, 
Indonesia, Lao PDR, Philippines, Thailand and Vietnam (Figure 2). Symptoms of deficiency 
are more severe during the dry season and mildly affected trees may partially recover 
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during the following wet season (Dell et al. 2008). Sites with sandy soils derived from 
granite and sandstones are especially vulnerable when there is a long dry season. 



Fig. 2. Boron deficiency is a serious nutrient disorder in acacia (a, b) and eucalypt (c-f) 
plantations in Asia. Symptoms include shoot dieback (a, c), yellowing between the veins (b, 
d) or from the leaf tip (f), and malformed leaves (e). (a, b Vietnam; c, d, f Lao PDR; e China) 


There are three aspects of climate that impair tree growth in the region. Firstly, seasonal 
drought is typical in areas with a monsoonal climate, and drought may extend from several 
months to over six months a year. If the soil is not deep enough to conserve water for 
transpiration in the dry season, trees stop growing and shed leaves. In China, a severe drought 
from October 2008 to June 2009 in Yunnan and Guizhou provinces caused symptoms of water 
deficit in eucalypts but most trees survived. However, tree death has been observed in central 
Thailand on shallow soils in a drought period (Figure 3a). Secondly, cold damage has killed or 
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caused top dieback of trees at higher elevations. At first, eucalypt plantations were established 
in tropical and southern subtropical areas of south China. As available land become less and 
less, new eucalypt plantations expanded into areas with a subtropical climate where the 
minimum temperature is less than 0°C. In the beginning of 2008, eucalypt plantations were 
seriously damaged by cold ice-rain (Figure 3b). From December 2010 to January 2011, E. dunnii 
was seriously damaged by cold weather in Fujian province. From the temperature data in the 
field, young E. dunnii do not tolerate -5°C. The reason is partly due to the temperature 
decreasing from 13°C to -5°C in 24 hours on December 23, 2010 and trees were not prepared. 
Furthermore, clones of E. grandis planted in Yongan were not able to tolerate -3°C. This is of 
concern as some climate models forecast the possibility for further extreme cold events in the 
future. Lastly, eucalypt and acacia plantations in China, Vietnam and the Philippines are 
exposed to typhoons. Strong winds can defoliate trees (Figure 3c), snap stems or completely 
destroy plantations. Usually, clones from E. urophylla x grandis and E. grandis x urophylla are 
poorer in terms of typhoon tolerance and better in terms of tree growth than clones from E. 
urophylla x tereticomis and E. urophylla x camaldulensis. In sites where typhoons are frequent, 
foresters should pay more attention to selecting clones that have some resilience to typhoons 
rather than focusing only on tree growth. 


0 



Fig. 3. Damage to eucalypt plantations caused by drought (a, Thailand), low temperature (b, 
China) and typhoon (c, China) 
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3.2 Biotic factors 

As the eucalypt and acacia plantation estate has expanded in Asia over the past two 
decades, significant new pests and diseases have emerged to reduce their productivity. A 
large number of insect pests have been recorded feeding on these hosts but only a small 
number of species have caused significant damage so far (Tables 2 and 3). Nearly all the 
insect pests are resident in the areas where plantations have been established or have moved 
within the region. In general they are able to complete their life cycle on other host species 
and some are pests of horticultural and other crops in the region. Several have become 
quarantine listed in other regions of the world. As plantations are planted in new 
geographical locations it is likely that additional pests will emerge. It is difficult to predict 
what insects will become problematic in the future and climate change makes this more 
challenging as the detailed biology of many species is unknown. The biggest threat to 
plantation health comes from the incidence and severity of plant pathogens (Tables 4 and 5), 
mostly fungi. Unlike for the insect pests, about half of these fungi are not native to the 
region and incursions from other parts of the world, including Australia, is likely to persist 
for some time. The potential to cause damage has forced the plantation sector to consider 
screening and breeding for resistance to some key pathogens in the last decade, but much 


Name 

Country 

Impact 

Coptotermes formosanus 

Vietnam 

Termite causing local damage to A.mangium and 
acacia hybrids 

*Ericeia spp. (Fig. 4a-c) 

China, Vietnam 

Leaf eating caterpillars causing damage to A. 
mearnsii in Fujian Province and A. mangium in 
Vietnam 

Giyllotalpa africana 

Vietnam 

Cricket causing minor damage to A. auriculiformis, 
A. mangium and acacia hybrids 

*Helopeltis spp. 

(Fig. 4g, h) 

Lao PDR, Indonesia, 
Philippines, Vietnam 

Mosquito bugs causing local severe damage to 
shoot tips 

Holotrichia trichophora 

Vietnam 

Root eating beetle causing minor damage to A. 
mangium and acacia hybrids 

Hypomeces squamosus 

Thailand, Vietnam 

Leaf eating beetle causing minor damage to A. 
auriculiformis, A. mangium and acacia hybrids 

Macrotermes spp. 

Indonesia, Lao PDR, 
Thailand, Vietnam 

Termites causing local damage to A. auriculiformis, 
A. mangium and acacia hybrids 

Microtermes pakistanicus 

Vietnam 

Termite causing local damage to A. auriculiformis, 

A. mangium and acacia hybrids 

*Phalera grotei 

Indonesia, Vietnam 

Leaf eating caterpillar, sometimes causing severe 
damage to A. auriculiformis in Vietnam 

*Pteroma plagiophleps 

Indonesia, Malaysia, 
Philippines, 

Thailand, Vietnam 

Bag worm causing local damage to A. 
auriculiformis, A. mangium and acacia hybrids 

Speiredonia retorta (Fig. 4d, e) 

Vietnam 

Leaf eating carterpillar causing local damage to A. 
auriculiformis, A. mangium and acacia hybrids 

Sinoxylon anale 

Vietnam 

Bark beetle causing minor damage to A. 
auriculiformis 

*Xylosandrus crassiusculus 
( Fi g- 4i, j) 

Vietnam 

Ambrosia beetle causing damage and blue stain 
fungi disease in A. mangium 

Xylotrupes gideon (Fig. 4f) 

Lao PDR 

Beetle causing local damage to A. mangium 


Table 2. Pests threatening productivity of acacia plantations in Asia. Those marked with an 
asterisk are major threats. 
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more needs to be done. Zhou and Wingfield (2011), for example, point out the particular 
challenge for China where there is an acute lack of forest pathologists in that region. 


Name 

Country 

Impact 

Agrilus spp. 

Indonesia, 

Philippines 

Buprestid borers causing local damage 

Anoplophora chinensis 

China 

Citrus longhorned borer causing mild impact in 
Guangdong, Guangxi and Jiangxi 

A. glabripennis 

China 

Asian longhorned borer causing mild impact in 
Guangdong, Guangxi and Yunnan 

*Aristobia testudo 

Vietnam 

Longhorned beetle causing severe damage to 
young E. camaldulensis 

*A. approximator (Fig. 5c) 

Lao PDR, Thailand, 
Vietnam 

Longhorned beetle causing mild damage to young 
plantations 

Batocera horsfieldi 

China 

Stem borer causing mild impact in E. citriodora and 
E. exserta in Guangdong, Guangxi and Jiangxi 

*Buzura suppressaria (Fig. 6c, 

d) 

China, Indonesia, 
Vietnam 

Leaf eating caterpillar causing severe damage in 
susceptible clones 

Chalcophora japonica 

China 

Stem borer causing mild impact in Guangxi 

Coptotermes formosanus 

Vietnam 

Termite causing local severe damage to young E. 
urophylla clones PN2 and U6 

Endoclita hosei 

Malaysia 

Stem borer causing local damage 

Gryllotatpa africana 

Vietnam 

Cricket causing mild damage to E. urophylla clones 
PN2 and U6 

Holotrichia trichophora 

Vietnam 

Root eating beetle causing minor damage to E. 
pellita and E. urophylla clone U6 

Helopeltis sp. 

Indonesia 

Mosquito bug causing damage to shoot tips in 
young stands 

Heterobostrychus aequalis 

China 

Stem borer causing mild impact in Yunnan and 
Guangxi 

*Leptocybe invasa (Fig. 6b) 

China, Laos PDR, 
Thailand, Vietnam 

Gall wasp causing severe impact in susceptible 
clones, especially of E. camaldulensis 

Macrotermes spp. (Fig. 5a, b) 

Lao PDR, Vietnam 

A number of termite species (mainly M. annadalei, 
M. gilvus and M. malaccensis) causing local damage 
to young E. urophylla 

Microtermes pakistanicus 

Vietnam 

Termite causing local damage to young E. urophylla 

Phassus sp. 

China 

Stem borer causing mild impact in Guangdong, 
Guangxi and Guizhou 

*Sarothrocera lowi (Fig. 6e, f) 

Vietnam 

Stem borer causing severe damage to E. urophylla, 
clone U6 
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Name 

Country 

Impact 

Strepsicrates rothia 

China, Vietnam 

Leaf roller causing moderate damage in north 
Vietnam, Guangdong, Guangxi and Fujian 

*Trabala vishnou 

China, Vietnam 

Leaf eating caterpillar causing severe local impact 
in many places in Vietnam and in Guangdong and 
Guangxi 

Xyleborus mutilatus 

China 

Stem borer causing mild impact in Guangdong, 
Guangxi, Hunan, Jiangxi and Yunnan 

Xylosandrus crassiusculus 

Vietnam 

Ambrosia beetle causing local damage 

Xylotrupes gideon (Fig. 5d, 6a) 

Lao PDR 

Beetle causing stem damage 

Zeuzera spp. 

China, Indonesia, 
Thailand, Vietnam 

Stem borers causing mild impact in E. s aligna in 
Guangdong and Guangxi, and E. urophylla in 
Indonesia and Vietnam 


Table 3. Pests threatening productivity of eucalypt plantations in Asia. Those marked with 
an asterisk are major threats. 


Type 

Name 

Status 

Impact 

Leaf disease 

Atelocauda digitata (Fig. 8e) 

Indonesia, 

Malaysia 

Phyllode rust damages foliage in 
nurseries and young plantations 


Cephaleuros virescens 

Widespread 

Present in dense canopies of A. 
mangium in Vietnam. Low impact 


Colletotrichum 

gloeosporioides 

Widespread 

Anthracnose leaf spot pathogen 
associated with stressed trees ; when 
severe can lead to stem cankers in A. 
mangium and acacia hybrid 
plantations in Vietnam. Low impact 


Oidium spp. 

Widespread 

Sometimes problematic in nurseries 
in Vietnam and Thailand; also in one 
year old plantations in Vietnam 


Meliola sp. 

Widespread 

Black mildew of low impact 


Pestalotiopsis neglecta 

Widespread 

Leaf spot pathogen associated with 
stressed trees in Vietnam. Low 
impact 


Phomopsis sp. 

Vietnam 

Low impact 

Wilt 

*Ceratocystis spp. (Fig. 8a-c) 

Becoming more 
widespread in 
Indonesia, Lao 

PDR, Malaysia and 
Vietnam 

Beginning to cause severe damage in 
many locations leading to tree 
dieback and death 

Stem canker 

Botryosphaeria and related 
genera 

Widespread 

Stem and branch cankers associated 
with stressed A. mangium and A. 
auriculiformis. Low impact 


*Corticium salmonicolor (Fig. 
8d) 

Widespread 

Pink disease has high impact in 
some clones of A. mangium and 
acacia hybrids in Vietnam in many 
locations 
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Type 

Name 

Status 

Impact 


Lasiodiplodia theobromae 

Widespread 

Stem canker of low impact 

Macrovalsaria megalospora 

Vietnam 

Stem canker of low impact 

Nattrassia mangiferae 

Vietnam 

Stem canker of low impact 

Heart rot 

‘Various Hymenomycetes 
(e.g. species of Phellinus, 
Tinctoporellus, Rigidoporus) 
(Fig. 7b) 

Widespread in wet 
tropics 

A. mangium and A. auriculiformis are 
susceptible; in Indonesia and 
Malaysia infection ranges from <5 to 
>40%; problematic for saw-log 
production but death of young 
stands can occur; entry via wounds. 
Low impact in Vietnam 

Root rot 

*Amauroderma and 
Ganoderma spp. (red rot) 
(Fig. 7a, c, d), Phellinus 
noxius (brown rot), 
Rigidoporus lignosus (white 
rot), Tinctoporellus 
epimiltinus (brown rot) 

Widespread in wet 
tropics 

Level of impact varies with site and 
may exceed 30% depending on 
infection levels in previous forest or 
plantations in Malaysia and 
Indonesia 

*Phytcrphthora cinnamomi 

Vietnam 

Patch death of A. mangium and 
acacia hybrids 

*Pythium vexans 

Vietnam 

Patch death of A. mangium and 
acacia hybrids 


Table 4. Pathogens threatening productivity of acacia plantations in Asia. Those marked 
with an asterisk are major threats. 


Type 

Name 

Status 

Impact 

Leaf diseases 

Pilidiella spp. 

Widely distributed 

Low impact, associated with 
herbivore damage 

*Cylindrocladium ( Calonectria ) 
spp. (Fig. 9d) 

Well-established in 

SE Asia 

Severe in Thailand and Vietnam; 
moderate in China. The most 
damaging species are C. reteaudii 
and C. quinqueseptatum 

*Cryptosporiopsis eucalypti 

Well-established in 

SE Asia 

Severe in Thailand and Vietnam, 
minor damage to E. globulus in 
Yunnan 

Pestalotiopsis neglecta 

Widely distributed 

Low impact leaf spotting 

Pseudocercospora 

eucalyptorum 

Widely distributed 

Low impact leaf spotting 

Teratosphaeria epicoccoides 

Now widespread 
in SE and E Asia 

Moderate damage in many 
countries 

*T. destructans (Fig. 9a-c) 

Now widespread 
in SE and E Asia 

Severe in Sumatra, Thailand, 
Vietnam and Lao PDR; moderate in 
China 

Quambalaria pitereka 

Present in S China 

Mild 

Q. eucalypti 

Present in China, 
Lao PDR and 

North Vietnam 

Potential to cause damage as the 
pathogen spreads to susceptible 
species and clones 

Xanthomonas sp. (Fig. lOd, e) 

Lao PDR 

Potential to cause local damage 

*Puccinia psidii 

Not present in the 
region 

Unknown but potentially severe leaf 
pathogen 
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Type 

Name 

Status 

Impact 

Wilt 

*Ralstonia solanacearum (Fig. 
lOa-c) 

Some biovars of 
bacterial wilt are 
widespread 

Moderate in Vietnam and China; E. 
urophylla clone PN2 very susceptible 

Canker 

diseases 

Botryosphaeria and related 
genera 

Widespread in SE 
Asia 

Minor damage often to stressed 
trees 

Cortitium salmonicolor 

Widespread in Asia 

Pink disease of low impact 

Chrysoporthe cubensis 

Widespread in SE 
Asia 

Minor impact in Vietnam and 
Thailand 

Ch. gyrosa 

Vietnam 

Low impact 

*Teratosphaeria zuluensis (Fig. 
9e-g) 

Widespread in SE 
and E Asia 

Minor impact in Thailand, Vietnam 
and China 

Root rot 

Ganoderma lucidum 

Widespread in SE 
Asia 

Very minor impact in Guangdong 
and Guangxi in China 

Phytophthora sp. 

Vietnam 

Local low impact on Eucalyptus 
hybrid 


Table 5. Pathogens threatening productivity of eucalypt plantations in Asia. Those marked 
with an asterisk are major threats. 


3.3 Major pests of acacia 

Ericeia sp.: In Fujian province (China), E. fraterna damages A. mearnsii. There are 4 
generations per year and larval development takes 27-42 days. In Vietnam, a related 
species is causing defoliation of acacias in north Vietnam (Figure 4a). There, early instar 
larvae make small holes in soft, immature foliage, predominantly in the upper crown, the 
fourth and fifth instar larvae eat entire phyllodes. Larvae damage 2-10 year old A. 
mangium plantations, with most severe damage to 4-10 year old plantations. There are 5-6 
generations each year, larvae are present all year round, with the largest populations from 
September to December. 

Helopeltis spp. (Mosquito bugs): These sap-sucking hemipterans damage young phyllodes 
and shoot tips (Figure 4g, h). Successive attacks by nymphs and adults can stunt the growth 
of nursery stock and clonal hedges in particular. Damage appear initially as a lesion or area 
of necrosis around the feeding site and progresses to wilt and shoot death. There are many 
generations each year. The main species damaging acacias are H. fasciaticollis and H. theivora. 
They are polyphagous feeding on a broad range of hosts. 

Phalera groter. The first instar larvae chew the upper and lower surfaces of young phyllodes, 
sometimes making holes. Second and third instar larvae chew the edges of young and 
mature phyllodes. Fourth and fifth instar larvae feed on entire phyllodes. Outbreaks can 
cause complete defoliation. There are 3 generations each year. 

Pteroma plagiophleps (Bag worm): This pest is widely distributed in SE Asia, attacking acacia 
and some other woody legumes causing severe defoliation. 

Xylosandrus crassiusculus (Granulate ambrosia beetle): This small ambrosia beetle (Figure 4j) 
is widely distributed in tropical and subtropical Asia. Females bore into the stems of trees 
where they excavate a system of tunnels. The larvae feed on symbiotic ambrosial fungi. 
Heavy infestation together with the development of wood invading fungi (Figure 4i) can 
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result in tree decline and death. Many trees appear to be stressed prior to beetle attack. The 
species is highly polyphagous. 


Fig. 4. Pests causing severe damage to acacia plantations in Asia. a-c. Ericeia sp. (Vietnam); 
d,e. Speiredonia retorta (Vietnam); f. Xylotrupes gideon (Lao PDR); g,h. mosquito bug Helopeltis 
sp. (Sabah, photos David Boden); i. blue-stained wood from fungi associated with 
Xylosandrus crassiusculus (j) (Vietnam) 
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3.4 Major pests of eucalypts 

Aristobia approximator (Aristobia longhorned beetle): This pest is widely distributed in SE 
Asia and locally the adults (Figure 5c) cause damage to young eucalypt plantations (Figure 
5c). The species is polyphagous, known to damage other plantation crops such as 
Pterocarpus and Casuarina. If the pest can use plantation eucalypts for their life cycle, this will 
threaten some plantations in the region. There is one generation per year. Adults emerge 
from June to August. 

Aristobia testudo (Litchi longhorned beetle): This pest is widely distributed in south and SE 
Asia. Damage to eucalypt plantations has occurred in south Vietnam. Females girdle 
branches by chewing off 10 mm strips of bark prior to laying eggs. There is one generation 
per year. Adults emerge from June to August. Larvae hatch from late August and live under 
the bark until January when they bore into the wood and create tunnels up to 60 cm long. 
Adult beetles chew bark for food. 



Fig. 5. Pests causing damage to eucalypt plantations in Asia, a, b. Macrotermes sp. destroying 
tree roots (Lao PDR); c. Aristobia approximator (Lao PDR); d. Xylotrupes gideon (Lao PDR) 
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Fig. 6. Pests causing damage to eucalypt plantations in Asia. a. Damage from Xylotrupes 
gideon (Lao PDR; b. Leptocybe invasa galls (Vietnam); c, d. Buzura suppressaria (China); e, f. 
Sarothrocera lowi (Vietnam) 

Buzura suppressaria (Tea looper): Geometrid moths have become serious pests in eucalypt 
planatations in recent years, reducing growth due to larvae feeding on young leaves and 
shoots. Of the more than 6 types of geometrid moths that feed on eucalypts in SE Asia, the 
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most damaging so far is B. suppressaria (Figure 6d). In south China there can be 3-4 
generations a year causing defoliation of eucalypts mainly in summer and autumn. The 
insect is polyphagous and is a pest of tea, citrus and other crops in the region. Biological 
control agents are available including products containing mycoparasites. 

Leptocybe invasa (Gall wasp, blue gum chalcid): In the past decade this pest has spread 
rapidly through SE Asia affecting nursery stock, clonal hedges and plantations including 
young coppice especially in China, Thailand and Vietnam. Susceptible hosts include E. 
camaldulensis, E. dunnii, E. globulus, E. grandis, E. grandis x camaldulensis, E. tereticornis and E. 
urophylla. Female L. invasa insert their eggs in the epidermis. Larvae feed within plant tissues 
causing distinct swellings (Figure 6b) on the petioles, leaf midribs and stems on new foliage 
of both young and mature trees. Galling causes the leaves to curl and may stunt growth and 
weaken the tree; thus, L. invasa can cause substantial damage or death to young trees. In an 
outbreak situation, wasp pressure is intensive and all new growth may be damaged. The 
impact of the wasp on the development of an adult tree is not yet clear, although galls can 
be found on most leaves if the wasp occurs in large numbers. The industry is moving 
quickly to identify resistant clones. Meanwhile, braconid wasp parasitoids have been 
moving naturally in the region and are having some effect as biological control agents. 

Sarothrocera lowi: This long horned beetle (Figure 6f) is thought to have spread to Vietnam 
from the wet tropics. Females deposit eggs singly into slots made in the bark. Larvae emerge 
and initially feed just under the bark, later boring into the stem. Pupation occurs towards 
the end of April and adults emerge from the end of May to early June. 

Trabala vishnou (Lappet moth): Larvae are leaf feeders. Larvae prefer soft, immature foliage 
and most damage occurs in the upper crown. There are four or more generations per year. 
The insect is polyphagous and is a pest of many trees in south and SE Asia. 

3.5 Major pathogens of acacia 

Ceratocystis spp.: Three new species of Ceratocystis have recently been described associated 
with a serious disease of young A. mangium trees, which developed after pruning in the Riau 
area, Sumatra (Tarigan et al. 2011). In a recent survey, C. acaciivora (Figure 8a) was found on 
dying A. mangium in the absence of priming wounds. For disease management, the impact 
of pruning will require careful consideration and the role of wood boring insects as vectors 
of this pathogen will need to be understood. Ceratocystis damage has been observed in 
Sabah (Figure 8b) and Lao PDR. 

Corticium salmonicolor (Pink disease): Pink disease causes serious damage in Vietnam and 
the wet tropics, including Indonesia. At first, white mycelium extends over the surface of 
the bark. Later, a pink crust is produced on the affected area and cankers (Figure 8d) may 
develop. Infected branches wilt and die, followed by crown dieback. Disease resistant clones 
have been identified and their employment may reduce the impact of the disease in 
plantations. The pathogen has a wide host range including eucalypts, mango and citrus. 

Heart rot: Wood-rotting basidiomycete fungi attack living trees as well as dead wood. They 
are particularly problematic in the wet tropics causing considerable loss in plantations in 
Indonesia and Malaysia. Heart rot in A. mangium results from fungal decay of heartwood 
(Figure 7b) which reduces wood quality but the tree is not killed. Heart-rot fungi generally 
enter trees through injuries and branch stubs and do not preferentially attack living tissue. 
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Root rot: Disease results from basidiomycete pathogens attacking living root tissue (Figure 
7c, d) leading to crown decline and patch death (Figure 7a). The disease is spread by the 
contact of a diseased root or infested woody debris with a healthy root. Root rot is 
problematic where trees are established in previously infested areas as the fungi can survive 
on roots and other woody debris left after harvest. 

Phytophthora cinnamomi: This tropical water mold has been widely dispersed around the 
world causing diseases in native forests, horticultural crops and city gardens. This pathogen 
has recently been associated with loss of A. mangium stands in north Vietnam. 

Pythium vexans: This pathogen has recently been identified as the cause of decline in 
plantations and clonal hedges of A. mangium in north Vietnam. 


Fig. 7. Heart and root rots in acacia in Asia. a. patch decline in Sabah (Photo David Boden); 
b. heart rot and termite damage (Sarawak, photo Lee Su See); c. root rot in young tree (Lao 
PDR); d. red rot on roots (Sabah, photo David Boden) 
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Fig. 8. Stem and leaf diseases in acacia in Asia. a. Stem infected by Ceratocystis acaciivora 
(Indonesia, photo Marthin Tarigan); b. Stem infected with Ceratocystis after elephant damage 
(Sabah, photo David Boden); c. Ceratocystis sporulating (Vietnam); d. Corticium salmonicolor 
canker (Vietnam); e. Atelocauda digitata phyllode rust (Malaysia, photo Lee Su See) 

3.6 Major pathogens of eucalypts 

Cylindrocladium spp. (Teleomorph = Calonectria ): The initial symptoms of these blights are 
greyish, water soaked spots on young leaves. These spots then coalesce developing into 
extensive necrotic areas. Under conditions of high humidity and frequent rainfall, necrotic 
lesions cover the entire area of the leaf. Fungal mycelia and fruiting bodies cover and kill 
young shoot tips, resulting in leaf and shoot blight symptoms. Damage is severe in the wet 
season (Figure 9d). New species of Calonectria have recently been described for eucalypts in 
China (Chen et al. 2011). 
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Cryptosporiopsis eucalypti-. This blight infects leaves and stems. Leaf spots are discrete but 
irregularly shaped and often dark chocolate-brown in colour. On mature leaves extensive 
areas of reddish-brown tissue burst through the leaf, producing a very rough surface. 
Infected shoot tips become distorted, drop their leaves and die. The tree may produce 
epicormic shoots forming double leaders. These may also become reinfected the following 
season. The crown assumes a flattened appearance. 


Fig. 9. Leaf and stem diseases in eucalypts in Asia, a-c Teratosphaeria destructans, loss of 
canopy (a. Lao PDR, b. Vietnam), leaf symptoms (c. Vietnam); d. Necrosis of lower foliage in 
the wet season from Calonectria (Cylindrocladium ) spp. (Vietnam); e-g. stem cankering from 
Teratosphaeria zuluensis (e, f. Vietnam, g. Lao PDR) 
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Puccinia psidii (Guava rust): This rust fungus is a major quarantine concern (Coutinho et al. 
1998) for Asia. In Brazil, the fungus attacks susceptible species of eucalypts, guava and some 
other genera in the Myrtaceae. This disease can cause deformation of leaves, heavy 
defoliation of branches, dieback, stunted growth and even death. Recently, a closely related 
taxon in the guava rust (Uredo rangelii or Myrtle rust) complex has entered Australia 
(Carnegie et al. 2010) and is likely to spread into SE Asia. 

Ralstonia solanacearum : Bacterial wilt typically affects young trees growing on ex-agricultural 
sites in hot wet areas (Figure 10a). It is characterised by the sudden wilting and death of a 
branch or the entire crown, associated with streaking in the stem (Figure 10b). Wilting of 
plants may begin within months of planting, particularly in areas where daytime 
temperatures regularly exceed 30°C. Xylem vessels become filled with bacterial slime which 
ooze out when a freshly cut stem is inserted for a few minutes into water (Figure 10b). 
Attempts to produce resistant clones has so far proved to be unsuccessful. 

Teratosphaeria destructions (Synonyms Kirramyces destructions, Phaeophleospora destructions ): The 
fungus causes a severe blight of shoots and leaves, producing light brown leaf spots, which 
are irregular to rounded, with indistinct borders. Masses of spores ooze onto the surface of 
leaves, often giving them a sooty appearance (Figure 9c). This pathogen can cause extensive 
blights (Figure 9a, b), distortion of young leaves and premature leaf abscission as a result of 
necrosis of the leaf and petiole. It was first described from Sumatra (Wingfield et al. 1996) 
and has spread rapidly into eucalypt plantations across Asia (Burgess et al. 2006). 

Teratosphaeria zuluensis (Synonyms Colletogleopsis zuluense, Coniothyrium zuluensis ): Initial 
infection of T. zuluensis results in small, circular necrotic lesions on the green stem tissue in 
the upper part of trees (Figure 9g). These lesions expand, becoming elliptical, and the dead 
bark covering them typically cracks giving a cat eye appearance (Figure 9f). Lesions coalesce 
to form large cankers (Figure 9e) that girdle the stems, giving rise to epicormic shoots. The 
canker was first described in South Africa and later was reported in Thailand, China 
(Cortinas et al. 2006) and Vietnam. 

4. Managing abiotic and biotic threats 

In the past, the high cost of inorganic fertilizers has prevented the application of optimum 
levels of macronutrients for tree growth in many areas, but this has largely been overcome in 
recent years. For example, in south China fertilizers are applied up to three times in a rotation 
(about 1 tonne of N, P and K compound fertilizers per hectare). However, micronutrient 
deficiencies are an ongoing problem on many new sites being afforested for the first time. The 
small amounts of micronutrients that are needed to correct or prevent the onset of deficiencies, 
typically a few kg per hectare, should not constrain their wider use where correct diagnosis of 
nutrient constraints are available (Bell & Dell 2008). Foliar analysis has proven to be an 
effective tool in the diagnosis and prevention of micronutrient disorders and standards are 
available for some plantation species (Dell et al. 2001). However, this approach is not widely 
adopted in the region and many foresters rely on the expression of symptoms before making 
silvicultural decisions. It is important to realise that substantial loss of wood volume can occur 
before symptoms of nutrient disorders become obvious. 

In China, more and more eucalypt plantations are being established in the upper Yangtse 
and Pearl river catchments, and some of the locations have an annual rainfall less than 1200 
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mm. Locally there is concern that the expansion of eucalypt plantations may reduce water 
production in the small catchments and the function of ecological services from the 
catchments. So far, there is no long term catchment water production study in these regions. 
Furthermore, recent climate change patterns for these high land regions show a reducing 
rainfall. Another concern is whether nutrient runoff from heavy fertilization of eucalypt 
trees will degrade water quality in the rivers and reservoirs. Long term monitoring is 
necessary to allay these fears. 



Fig. 10. Bacterial diseases in eucalypts in Asia. a-c. Ralstonia solanacearum (a. dead trees, b. 
bacteria oozing from cut stem, c. streaking in wood, Lao PDR); d, e. Xanthomonas sp. (Lao 
PDR) 

Widespread planting of eucalypts and acacias in Asia has been associated with the 
appearance of significant foliar and stem diseases and, to a lesser extent, damage from 
insects. Across the whole region, the most damaging eucalypt pathogens are those that 
cause leaf and shoot blights. By contrast, in acacias, the pathogens differ markedly between 
the wet tropics and drier sub-tropics even for the same host species. In Vietnam, stem 
canker, crown wilt and root rot diseases cause the most damage whereas heart rot fungi 
have been of the greatest concern in Indonesia. In both geographical areas, the fungi are 
favoured by warm, humid climates, and have the potential to greatly reduce the growth, 
yield and product quality of plantations. Experience in Vietnam from the period 1998-2010 
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has shown that, provided reliable diagnoses are made of the pathogens present in replicated 
clonal trials and well-designed provenance and progeny trials, resistance to these pathogens 
can be readily identified at the individual tree or clone, family, provenance and species 
levels. Resistant selections can then be propagated as clonal plantations or established as 
clonal seed orchards to provide seed for planting in disease-prone environments. About 60 
ha trials of clones of E. camaldulensis, E. brassiana, A. mangium, A. auriculiformis and acacia 
hybrid (A. mangium x A. auriculiformis ) have been established in many high risk disease 
locations of Vietnam from 1998 to 2010. Disease scoring and growth measurement of every 
tree in the trials were conducted on an annual basis. Clones showing good growth 
performance and no disease symptoms were selected for large scale plantings. There are 
now 22 clones of E. brassiana, E. camaldulensis, A. auriculiformis, A. mangium and acacia 
hybrid recognized in Vietnam with characteristics of fast growth and disease resistance. 
Examples of three clones follow: 

Eucalyptus brassiana Clone SM7: fast growing on low hills in soils of low fertility; mean 
annual increment (MAI) of 36.6 m 3 ha- 1 yr 1 in Dong Nai; resistant to leaf blight disease 
caused by Cylindrocladium reteaudii (C. quinqueseptatum), leaf spot diseases caused by 
Cryptosporiopsis eucalypti and Teratosphaeria destructans. 

Acacia mangium Clone M5: good form (one main stem, small branches, high bole height); fast 
growing on low hills, on ferralic soils of low fertility; MAI of 36.2 m 3 ha- 1 yr- 1 in Dong Nai; 
resistant to pink disease caused by Corticium salmonicolor, crown wilt caused by Ceratocystis 
sp., root rot caused by Phytophthora cinnamomi. 

Acacia hybrid Clone AH7: superior stem form; fast growing on flat sites which have a thin 
soil surface and low fertility as well as on old alluvial soil; MAI of 24.4 to 34.9 m 3 ha- 1 year- 1 ; 
strong resistance to pink disease caused by Corticium salmonicolor, crown wilt caused by 
Ceratocystis sp., and root rot caused by Phytophthora cinnamomi. 

The approach adopted above for developing fast growing trees with disease resistance has 
also been undertaken in other countries in the region with varying levels of success. 
Increasingly, more and more of this research is being undertaken by the private sector, 
especially in Indonesia, Thailand and China. The severity of leaf and shoot blights on 
eucalypts in Thailand forced the plantation industry to rapidly introduce new clones into 
production. Clone Banks established in the early 1990s were used to detect lines differing in 
susceptibility to Cryptosporiopsis eucalypti shortly after the pathogen was first detected in 
Thailand (Pongpanich 1997). A few years later, various eucalypt clones, including hybrids, 
were being screened for their level of resistance to the damaging pathogen, Teratosphaeria 
destructans, that had invaded from Sumatra. One of these clones is now prominent in 
plantations that were later established in Lao PDR. These examples illustrate the importance 
of having large replicated clonal trials and well-designed provenance and progeny trials 
that can be used to screen for resistance to current and future pathogens. 

Far less progress has been made in responding to the threats of insect pests in the region. In 
only a few countries is there any systematic attempt to monitor the scale and type of insect 
outbreaks and damage to plantations. There is a shortage of trained forest entomologists. 
The lack of information results in pests not being sufficiently considered in plantation 
management. Selecting for insect resistance in plantation trees is difficult (Henry 2011) and 
little progress has been made with either eucalypts or acacias in this regard. A notable 
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exception is shown in Figure 11. The potential for pest outbreaks to cause damage is high 
where the genetic diversity of plantations is low, such as in south China. In a discussion as 
to whether tree-improvement programs can keep pace with climate change, Yanchuk and 
Allard (2009) conclude that there needs to be better alignment of forest genetics and forest 
health research programs in order to help mitigate the projected negative impacts of climate 
change on forest productivity and health. The Research Institute of Tropical Forestry, 
Chinese Academy of Forestry is leading a research group to create new hybrids of E. 
urophylla x grandis, E. urophylla x tereticornis and E. urophylla x camaldulensis for the selection 
of clones with a higher nutrient and water use efficiency and insect and disease resistance. 
This group is also producing new hybrids of E. grandis x dunnii and E. urophylla x dunnii for 
the selection of clones with improved cold resistance and rooting ability. In Thailand, 
progress is being made with the selection of eucalypt clones more resistant to the damaging 
blue gum chalcid. 


Fig. 11. Genetics trial in Binh Phuoc province, Vietnam established to screen for resistance to 
Leptocybe invasa 

5. Responding to climate change 

There is undisputable evidence that the world's climate is changing due to global 
warming. The reader is referred to the Fourth Assessment Report (AR4) of the United 
Nations Intergovernmental Panel on Climate Change (IPCC) for discussion on climate 
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trends and projected climate change. Over the past decades extreme climate events and 
climate anomalies have been reported in SE Asia (Cruz et al. 2007), including floods and 
droughts. The vulnerability of plantations to biotic and abiotic stressors is likely to be 
exacerbated in the future by climate change. All the climate change scenarios generated 
from the various models predict a warming trend in Asia but there is high uncertainty in 
projected rainfall amount and distribution for the region. Extreme weather events 
associated with El Nino have increased in frequency. There has, for example, been an 
increase in tropical cyclones originating in the Pacific and impacting on China, 
Philippines, Vietnam and Cambodia (Cruz et al. 2007). Whilst precipitation may increase 
in the tropics, the frequency and intensity of drought periods may also increase in parts of 
China, Indonesia, Lao PDR, Thailand and Vietnam during or following ENSO events. 
ENSO is the primary driver of precipitation fluctuations for SE Asia (Malhi and Wright 
2004). Climate change is likely to affect tree physiology and increase the spread and 
impact of pests and diseases in the region. 

In may be surprising to learn that climate change may also increase the frequency of special 
low temperature periods in sub-tropical China and Vietnam in winter. Already cold damage 
to eucalypt plantations is occurring in the region. Furthermore, global warming will increase 
the frequency of typhoons leading to prolonged periods of high temperature and humidity 
which are favourable for foliar diseases. In most countries in E and SE Asia, floods are 
common in the typhoon or monsoon seasons. These will impact on plantations on 
floodplains, such as along the Mekong. For the most part, acacia and eucalypt plantations 
are not planted on alluvial plains as these soils are prized for food production. Changes in 
rainfall patterns are likely to be complex and season and region specific. For example, in 
Vietnam monthly rainfall is decreasing in July and August and increasing in September, 
October and November (MoNRE 2003). Overall, total rainfall is likely to increase (Hoang 
and Tran 2006) but, because it will be more concentrated in the wet season, an exacerbation 
of drought problems is expected in the dry season (Johnston et al. 2009). In parts of south¬ 
west China, in the central highlands and the south central coast region of Vietnam, and in 
central and north-eastern Thailand, droughts are likely to increase under current climate 
change scenarios. Drought-induced tree deaths are now evident in a small number of young 
eucalypt plantations growing on shallow and sandy-textured soils. By contrast, plantations 
in tropical areas such as Sumatra, Sabah, Kalimantan and eastern Mindanao are less 
impacted by changes in temperature and rainfall. 

To ensure the sustainable production of plantation wood into the future, existing and 
future abiotic and biotic threats need to be managed under a prolonged period of climate 
change. A dual focus on research/development, discussed earlier, and adaptive 
silviculture are necessary. An assessment of vulnerabilities due to climate change can be 
included when formulating operation schedules. For example, an increase in intensity of 
precipitation could result in increased soil erosion on slopes or in leaching of nutrients 
such as B. Intercropping with agricultural species in the first year of establishment can 
reduce erosion if minimum tillage practices are adopted. Application of less soluble forms 
of B, to those soils where B is limiting production, would reduce leaching loss. 
Consideration should also be given to the extra nutrient demands that will be placed on 
fragile soils due to enhanced sequestration of carbon under higher atmospheric CO 2 levels 
resulting in more biomass and nutrients being harvested. Retention of harvest residue and 
bark on site will minimize nutrient rundown over time. 
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In areas with a prolonged and intensive dry season, water deficit can be more important in 
limiting productivity than soil infertility. Future actions for consideration include: 

• Improving site selection using knowledge of regoliths, hydrology and tree water use at 
the stand level, 

• Reducing the density of tree planting at a catchment level so that the water balance is 
not unduly impacted by tree water use, 

• Changing the species to one more suited to the climate and site type, and 

• In the longer term, breeding and deploying water use-efficient genotypes. 

Abiotic and biotic factors should not be considered in isolation as they often interact in their 
impact on plantation health. These interactions are likely to become even more important 
with climate change (Moore and Allard 2008). Deficiencies of micronutrients such as Cu, B 
and Mn have implications for tree defence against some fungal pathogens (Dell et al. 2008). 
For example, attack by ambrosia beetles and incidence of Botryosphaeria and other cankers 
are more prevalent in B-stressed A. mangium than in trees of balanced nutrition. 
Botryosphaeria damage was high in drought-stressed stands of A. mangium in west Thailand 
(Pongpanich 1997). Dell and Xu (2006) observed a connection between weather (incidence of 
typhoons, reduced rainfall) and soil B availability on damage from Ralstonia wilt in 
eucalyptus plantations in China. A link between rainfall and the incidence of heartrot in 
acacia was suggested by Lee and Arentz (1997). 

It is now clear that climate change is having a severe impact on the health of many of the 
world's forests (Ayres and Lombardero 2000) including plantations. Worldwide, tree 
mortality due to increasing drought and heat (Allen et al. 2010), diseases (Sturrock et al. 
2011), pests (Kausrud et al. 2011) and other stresses is increasing. Climate change will 
affect the pathogen/pest, the host and the interaction between them. The projected 
damage from pests will arise as pests encounter more suitable climatic conditions for their 
establishment and biology, and by host tree species becoming more susceptible to pests 
due to climate induced stress such as drought (FAO 2010). Likewise for pathogens, 
climate change will facilitate expansion in the range of some virulent species. In addition, 
increased globalization of trade is likely to accelerate the spread of pests and pathogens in 
the future. Incursions of fungal pathogens such as Teratosphaeria destructans and pests 
such as Leptocybe invasa in Asia demonstrate how the health of plantations can quickly be 
impacted over just a few years. 

However, it is difficult to project the vulnerability of plantations to pests and pathogens in a 
changing climate (possible scenarios are given in Table 6). This is because the biology of 
most pest and pathogen species of interest is poorly known. What is clear is that biological 
invasions will continue and plantations will increasingly be exposed to new threats. 
Wingfield et al. (2011) point out that Australian acacias are increasingly threatened by pests 
and pathogens when planted outside Australia. For the most part, the sensitivity of 
eucalypts and acacias to increased temperatures is unknown. Furthermore, plantations are 
likely to be exposed to new threats from the introduction of exotic pests and pathogens as 
well as from organisms already present but at low population levels in native forests. Once 
the organisms are well understood, their geographical range and activity can be simulated 
(Volney and Fleming 2000, Bale et al. 2002, Desprez-Loustau et al. 2007, La Porta et al. 2008). 
However, this is an ongoing task that requires considerable investment in research. 



Managing Threats to the Health of Tree Plantations in Asia 


89 


particularly in the region being discussed in this chapter. In the meantime, it is prudent to 
undertake actions in advance of this knowledge, including the following: 

• Monitor plantation health and condition on a regular basis in order to detect change, 

• Undertake surveillance of diseases and pests of concern, 

• Identify new pests and diseases accurately and early, 

• Reduce spread of pests and pathogens through improvement in quarantine, 

• Undertake comprehensive risk analysis, including simulation modeling and climate 
mapping, to identify high-risk species and areas, 

• Increase the diversity of clones, and where desirable - species, in plantations, and 

• Breed for resistance to pests and pathogens of greatest impact, that are present in the 
region or have the potential to persist if introduced. 

Booth et al. (2000) identified preliminary areas in SE Asia that are vulnerable to 
Cylindrocladium quinqueseptatum leaf blight using a simple model based on long-term mean 
climatic information. They concluded that climate change should increase the disease 
hazard in parts of Vietnam, Lao PDR and Thailand. Similar mapping can be undertaken for 
the hosts (Booth et al. 1999). 


Climate parameter 

Impact of pathogens and pests 

Increased temperature 

Unknown (lack of information on 
temperature responses of pathogens, pests 
and hosts) 


Increased incidence of cold weather events Increased risk of damage from stem borers 

and canker fungi 

Increased frequency of severe weather events Increased risk of pest and pathogen spread 

from typhoons in China, Philippines, 
Cambodia and Vietnam 
Increased damage from leaf pathogens due to 
prolonged periods of high temperature and 
high humidity 

Increased risk of root damage from strong 
winds creating entry ports for Ralstonia and 
other soil-borne pathogens 

Increased length of the wet season Increased damage from leaf pathogens 

Increased incidence and severity of drought Increased damage from stem cankers and 

possibly from borer insects (more sites with 

_ water deficit in the dry season) _ 

Table 6. Likely impacts of climate change on health of Acacia and Eucalyptus plantations in 
Asia. 

6. Concluding remarks 

The health of acacia and eucalypt plantations is dynamic, changing in place and time and 
likely to become more challenging to manage if their vulnerabilities to biotic and abiotic 
factors are exacerbated by climate change. Indeed, the impact of climate change on 
plantation function and tree physiology is poorly understood. In spite of considerable recent 



90 


New Perspectives in Plant Protection 


taxonomic effort, not all the potential threatening species have been described. Even the 
biology of some of the most damaging biota is incomplete. Clearly, considerable more 
research and development is needed to underpin adaptive actions by plantation managers 
in the future. The steep increase in the number of eucalypt pathogens that have appeared in 
the Asian region over the past decade is of great concern as very little new tree genetics has 
been introduced into the field with any resistance to these pathogens in Asia. Furthermore, 
as clonal forestry continues with a low number of clones, the risk of damage in the future 
remains high. Given the proximity of Australasia to plantations in SE Asia, it is inevitable 
that further incursions of damaging pathogens will occur. The most likely candidate fungus 
is Myrtle rust. 
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1. Introduction 

Many insecticides have been used for managing stored products insect pests, especially 
coleopteran insects such as beetles and weevils because most of them have cosmopolitan 
distribution and are destructive insects damaging various stored cereals, legumes and food 
stuffs. Approximately one-third of the worldwide food production has been economically 
affected, valued annually at more than 100 billion USD, by more than 20,000 species of field 
and storage insect pests, which can cause serious post-harvest losses from up to 9% in 
developed countries to 43% of the highest losses occur in developing African and Asian 
countries (Jacobson, 1982; Pimentel, 1991). Among the most serious economic insect pests of 
grains, internal feeders such as Rhyzopertha dominica and Sitophilus oryzae are primary insect 
pests (Phillips & Throne, 2010). The former lays eggs outside the kernel and hatching larvae 
intrude into it to complete development to the adult stage, and the latter lays eggs directly 
inside the kernel. The other commonly found insects in shelled kennel are Sitophilus zeamais 
and Sitotroga cerealella. In addition, external feeders such as Tribolium castaneum, Cryptolestes 
ferrugineus, and Ori/zaephilus surinamensis are commonly found insect pests in wheat or 
maize. Especially, R. dominica, S. oryzae, and S. cerealella are major internal feeding pests of 
rice. Most of them belong to the order of Coleoptera. 

Although the dependence on the liquid insecticides like organophosphates and pyrethroids 
and gaseous insecticides such as methyl bromide and phosphine are effective means in 
controlling the coleopteran pests, negative effects owing to their repeated use for decades 
have fostered environmental and human health concerns (Champ & Dyte, 1977; 
Subramanyam & Hagstrum, 1995; White and Leesch, 1996). Therefore, many studies have 
been focused on the development of alternatives to these synthetic chemicals and many 
plant extracts including essential oils have been raised as appropriate sources. 

Plants constitute a rich source of bioactive chemicals, are largely free from adverse effects 
and have been used as traditional medicines in many Asian countries. We have been 
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focusing on plant-derived materials as potential sources of commercial insect control agents 
and found the usefulness of several aromatic plant extracts and their active compounds or 
constituents. In spite of widespread public concern for the side effects of synthetic 
pesticides, the market share of biopesticides including botanical and microbial pesticides is 
less than 2.2% of the global pesticides market. However, the potential in market growth of 
botanical pesticides is very high because the use of many conventional insecticides has been 
restricted by lots of countries and these botanical pesticides as alternatives are likely to 
occupy the needs. 

This chapter briefly describes resistance to insecticides used for control economically 
important stored products insect pests, and the insecticidal and antifeeding activities of 
several plant extracts obtained by lots of laboratory studies. Although promising activities 
of various aromatic plant extracts could be presented, mainly discussed plants in this review 
are Acorus gramineus including several oriental medicinal plants, Cocholearia armoracia, and 
Origanum vulgare and targeted insects are S. zeamais, Callosobruchus chinensis, Lasioderma 
serricorne, and Attagenus unicolor japonicus. Based on these results, these plant extracts 
including essential oils and their active components could be potential candidates to be used 
in management programmes as naturally occurring insect-control agents. 

2. Resistance to insecticides 

Chemical insecticides to manage stored products insect pests have been used extensively in 
grain storage facilities. Methyl bromide, phosphine, and sulfuryl fluoride as fumigants 
showing rapidly killing effect have been being used in a food stuff or a storage house. In 
addition, malathion, chlorpyriphos-methyl, dichlorvos, diazinon and deltamethrin plus 
piperonyl butoxide as contact poisoners have been sprayed directly on contaminated grains 
or structures and provided protection from the infestation of insect pests for several months 
(Hargreaves et al., 2000). Why are people looking for alternatives to these effective 
chemicals? Among many reasons, the most important issue will be responsible for the 
widely developed resistance in a target insect population. 

Fumigation plays an important role in insect pest management in various stored products 
and currently, phosphine and methyl bromide are the two common fumigants used for 
protection world-widely (Rajendran & Sriranjini, 2008). Due to the internationally limited 
use of methyl bromide, the importance of phosphine in controlling coleopteran stored 
insects has relatively grown (Zettler & Arthur, 2000). This situation increased the 
frequency of its applications and resulted in higher selection pressure for phosphine 
resistance (Benhalima et al., 2004; Collins et al., 2002). Consequently, since FAO (Food and 
Agriculture Organization) carried out globally phosphine resistance between 1972 and 
1973 years, there is a general increase in the frequency of resistant strains to phosphine 
over time (Table 1, Mills, 2001). Although the resistant level of these coleopteran insect 
pests to phosphine is different depending on both surveyed regions and targeted insect 
species, all the reports focusing on resistant problems showed that the resistant 
development is increasing. This indicates that the management strategies of resistance to 
phosphine must be developed. Most of all, we have to understand the phosphine 
resistance mechanism in these coleopteran insects to achieve the aim. Price (1984) 
suggested that the mechanism is the reduced uptake of phosphine and it is likely to be 
accepted because respiration is a good factor observing a physiological response of an 
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insect to the environmental changes (Chaudhry et al., 2004). Pimentel et al. (2008) also 
reported that phosphine resistance in four coleopteran insect pests (T. castaneum, R. 
dominica, S. zeamais, and O. surinamensis) collected from 36 locations over seven Brazilian 
states is related to the reduced production of carbon dioxide. Comparing with the 
respiration rates between the most resistant and the most susceptible populations to the 
fumigant, the carbon dioxide production of the former is significantly (P < 0.05) lower 
than that of the latter. Similar results were obtained using R. dominica (Price, 1984), L. 
serricorne (Chaudhry et al., 2004), and some populations consisted of R. dominica, S. oryzae, 
and T. castaneum (Benhalima et al., 2004). Interestingly, uptake of a susceptible strain of T. 
castaneum exposed to 0.7 g/m 3 of phosphine for 5 hours at 25 °C was seven times more gas 
per gram than a resistant strain. These results strongly suggest that the lower phosphine 
uptake in resistant populations of coleopteran insects may be occurred and it may have 
been derived from the reduced respiration rate. However, to understand the fuller 
genetics of the resistance, it is important to study the most resistance strains available and 
also to develop and refine rapid resistance tests. These approaches are very useful 
for identifying resistance and allowing recognition of a problem or failure with a 
fumigation method. 





% of resistant strains 



Survey 

Country 

R. dominica 

T. 

castaneum 

s. 

oryzae 

s. 

granarius 

S. zeamais 

Refs. 

'72-73 

Global 

23.4 

5.6 

5.9 

9.4 

- 

Champ & 
Dyte, 1976 

'83-85 

Developing 

countries 

77.3 

48.1 

75.0 

- 

- 

Taylor & 
Halliday, 
1986 

'86-88 

Sa Paulo 
State, Brazil 

90.0 

90.0 

100 

- 

- 

Pacheco et 
al., 1990 

'97-98 

Poland 

9.8 

- 

- 

21.2 

- 

Ignatowicz, 

2000 

'99-01 

Morocco 

100 

100 

100 

- 

- 

Benhalima 
et al., 2004 

'04-07 

Brazil 

100 

81.3 

- 

- 

22.2 

Pimentel et 
al., 2008 


a Some of the listed data have been combined with those of Mills's report (2001) 
Table 1. Phosphine resistance survey results over time 3 


Resistance to malathion, the other important contact insecticide, is widespread in USA, 
Canada, Australia, and Pakistan (Irshad & Gillani, 1992; Subramanyam & Hagstrum, 1995). 
In Pakistan, the development of resistance in S. oryzae to malathion was more prevalent in 
public sector storage than farm level, and furthermore, abamectin, spinosad, and buprofezin 
were more toxic to larvae of the malathion resistance strain (Irshad & Gillani, 1992). In case 
of Australia, resistance to the protectant was detected in T. castaneum in 1968 and R. dominica 
in 1972 (van Graver & Winks, 1994). The resistance became so widespread that the 
effectiveness of malathion began to be useless and the grain industry had to abandon it. 
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Therefore, the other organophosphorotionate chemicals to replace it such as fenitrothion, 
chlorpyrifos-methyl and pirimiphos-methyl were introduced into the control environments 
because most species did not extend to these potential protectants. However, the resistance 
to malathion of R. dominica was so strong that chemically similar insecticides could not be 
applied to this insect. The only alternative chemical group, pyrethroids played an important 
role in managing the pest. Especially, bioresmethrin was used successfully for about 12 
years in Australia but in 1990, resistance also was first detected (Collins et al., 1993). Since 
detection to pyrethroids including deltamethrin, the frequency of resistance increased more 
than 50%. To overcome this difficult resistant problem, the juvenile hormone analogue 
methoprene was introduced and successfully controlled T. castaneum and O. surinamensis. 
Unfortunately, resistance to this chemical was detected in R. dominca in about 1996. 
According to a simple linear trend analysis, the resistance to pyrethroids and methoprene 
will reach about 85% in 2015 in Australia (Collins, 2005). Insect resistance to the methoprene 
might be due to its degradation before reaching the target sites of an insect or reduced 
affinity of juvenile hormone binding proteins resulted from point mutations or amplification 
of detoxification genes (Wilson & Ashok, 1998). Although methoprene resistance has also 
been detected in Australian populations of the lesser grain borer (Collins, 1998), the 
resistance to hydroprene, one of another juvenile hormone mimics is not reported in 
literatures. The protectant has been primarily used to control urban and stored-product 
pests in the US, but it is used in other countries to control field crop insect pests. 

It is very encouraging that malathion-resistant strains of T. castaneum and T. confusum did 
not induce any cross-resistance to hydroprene (Amos et al., 1975). Thus, hydroprene can be 
considered as an alternative to conventional insecticides because of its specific activity 
against immature insect stages, low persistence in the environment, and virtually non-toxic 
effects on mammals (Mohandass et al., 2006). However, behavioral adaptations of target 
insects can play an important role in developing resistance to treated contact insecticides 
including hydroprene. Several studies using a strain of the sawtoothed grain beetle, O. 
surinamensis showed that the adults avoided surfaces or grains treated with permethrin and 
pirimiphos-methyl (Collins et al., 1988; Mason, 1996; Watson & Barson, 1996). Therefore, the 
highlighted problem, insect resistance, on conventional synthetic insecticides drove many 
researchers to study alternative methods including botanical insecticides from plants. 

3. Plant essential oils as alternative insecticides 

Many plant essential oils defined as any volatile oils and usually obtained by steam 
distillation may be an alternative source for insect control because they constitute a rich 
source of bioactive chemicals. Commercially plant essential oils have been primarily used as 
pharmaceutical agents, flavor enhancers or additives in lots of food products, flavors in 
fragrances, and insecticides or acaricides. These have strong aromatic components giving 
unique odor, flavor or scent to a plant and are by-products of plant secondary metabolites. 
Essential oils found in glandular hairs of plant cell wall mainly exist in various plant parts 
such as flowers, leaves, stems, bark or fruits. Most plant essential oils are found in the 
amount of 1-2% and can be sometimes contained in the amount of 0.01-10%. Today essential 
oils represent a market estimated at $700 million and a total world production of 45,000 
tons. Nearly 90% of this production is focused on 15 products, particularly mints ( Mentha 
piperata, Mentha arvensis, and Mentha spicata) and citrus (orange, lemon, and lime). Among 
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the other important products are Eucalyptus globulus, Litsea cubeba, clove, cedar, and 
patchouli (Regnault-Roger, 1997). 

Plant essential oils also have neurotoxic, cytotoxic, phototoxic, and mutagenic actions to a 
variety of organisms and act at multiple levels in the insects, indicating that the potential of 
causing resistance is little probable (Isman, 2000; Bakkali et al., 2008; Gutierrez et al., 2009), 
and essential oils themselves or products are largely nontoxic to mammals, birds, and fish 
(Stroh et al., 1998). These properties of plant essential oils are worthy of consideration as a 
natural alternative in the control of stored grains insects. Most of all, they are suitable 
alternatives to control coleopteran insect pests generating economic damage in stored 
products. These oils could act as contact poisoners, fumigants, repellents, antifeedants or 
oviposition inhibitors (Table 2). Many plant essential oils are produced commercially from 
several natural sources, many of which are members of the Lamiaceae family. Especially, the 
plant essential oils from the Lamiaceae family were also the most known for these biological 
activities against coleopteran stored products insect pests (Table 2). The plant contain 
mainly aromatic monoterpenoids such as thymol, carcacrol, p-cymene, 1,8-cineole, borneol, 
linalool, pulegone, etc. as active ingredients. In our studies, the origanum oil (O. vulgare) 
belonging to the Lamiaceae as well as horseradish oil (C. annoracia) showed strong fumigant 
activity to the adults of T. castaneum, S. zeamais, C. chinensis and L. serricorne and the larvae of 
A. unicolor japonicas (Kim et al., 2003; Han et al., 2006). 


Insect 

Essential oil 

Activity 

Active 

ingredient 

Refs. 

R. dominion 

Mentha spicata (Lamiaceae) 

Insecticide 

(Fumigant) 

Corvine & 1,8- 
cineole 

Khalfi et al., 
2006 




Thymol, 



Origanum glandulosum 
(Lamiaceae) 

Insecticide 

carvacrol, p- 
cymene, & y- 

Khalfi et al., 
2008 




terpinene 



Afromomum melegueta 
(Zingiberaceae) 

Repellent 

- 

Ukeh, 2008 





Michaelraj et 


Mentha sp. & M. piperita 
(Lamiaceae) 

Fumigant 

- 

al., 

2007;Michaerr 
aj et al., 2008 


Lavandula angustifolia, 
Lavandula nobilis, Rosmarinus 

Fumigant 

Camphor & 

Rozman et al.. 


officinalis, & Tliymus vulgaris 

linalool 

2007 


(Lamiaceae) 




C. 

Artemisia selengensis 

Fumigant & 


Yuan et al.. 

chinensis 

(Asteraceae) 

contact 


2007 


Carum copticum (Apiaceae) 

& Cymbopogon narudus 
(Poaceae) 

Insecticide 

- 

Upadhyay et 
al. (2007 


Vitex negundo (Lamiaceae) 

Antifeedant 

Agnuside & 
viridiflorol 

Rana et al., 
2005 


Cymbopogon martini 
(Poaceae) 

Repellent 

- 

Rajesh et al., 
2007 




98 


New Perspectives in Plant Protection 


C. 

maculatus 


granarius 


Essential oil 

Cymbopogon martini 
(Poaceae), Piper aduncum 
(Piperaceae), & Lippia 
gracilis (Verbenaceae) 
Carum copticum (Apiaceae) 
& Vitex pseudo-negundo 
(Lamiaceae) 
Melaleuca quinquenervia 
(Myrtaceae) 
Simmondasia chinensis 
(Simmondasiaceae) 
Tagetes minuta & Tagetes 
patula (Asteraceae) 

Artemisia sieberi (Asteraceae) 


Lavandula angustifolia, 
Laurus nobilis, Rosmarinus 
officinalis, & 

Tylenchorhynchus vulgaris 
(Lamiaceae) 


Activity 


Insecticide 


Fumigant 


Fumigant 

Repellent 

Fumigant & 
contact 
Insecticidal & 
repellent 


Fumigant 


Active 

ingredient 


1,8-cineole, 
camphor, 
eugenol, 
linalool, 
carvacrol, 
thymol, borneol, 
bornyl acetate, & 
lynalyl acetate 


Pereira et 
al„ 2008 

Sahaf and 
Moharramipo 
ur, 2008 
Nondenot et 
al„ 2010 
Kheradmand 
et al„ 2010 
Alok et al., 
2005 

Negahban et 
al., 2006 


Rozman et al. 
(2006) 


S.oryzae 


Acorus calamus (Acoraceae) 

Inhibition of FI 


Sharma and 

& Syzygium aromaticum 

- 

Meshram, 

(Myrtaceae) 

progeny 


2006 




Ngassoum et 

Ocimum canum (Lamiaceae) 

Insecticide 

- 

al.. 




2007 

Hyptis spicigera & Ocimum 
canum (Lamiaceae) 

Repellent 

- 

Ngassoum et 
al., 

2007 

Hyptis spicigera, Ocimum 
canum, Plectranthus 
glandulosus (Lamiaceae), & 

Insecticide 


Ngamo et al., 
2007 

Vepris heterophylla 



(Rutaceae) 




Vitex negundo (Lamiaceae) 

Antifeedant 

Agnuside & 
viridiflorol 

Rana et al., 
2005 

Artemisia princeps 
(Asteraceae) & Cinnamomum 

Repellent & 
insecticide 

- 

Liu et 
al., 2006 

camphora (Lauraceae) 





Michaelraj et 

Mentha sp. & M. piperita 
(Lamiaceae) 

Fumigant 

- 

al., 

2007;Michaerr 
aj et al., 2008 

Perovskia abrotanoides 

Fumigant 

Camphor & 1,8- 

Arabi et al.. 

(Lamiaceae) 

cineole 

2008 

Tagetes minuta & Tagetes 

Fumigant & 


Alok et al.. 

patula (Asteraceae) 

contact 


2005 
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Insect Essential oil 

Artemisia sieberi (Asteraceae) 

Lavandula angustifolia, L. 
nobilis, R. officinalis, & 
Thymus vulgaris (Lamiaceae) 
Eucalyptus camaldulensis. 
Eucalyptus intertexta & 
Eucalyptus sargentii 
(Myrtaceae) 
Cymbopogon citratus & 
Elyonurus muticus (Poaceae) 
Schizonpeta multifida 
(Lamiaceae) 

S. zeamais Ocimum gratissimum 

(Lamiaceae) & Xylopia 
aethiopica (Annonaceae) 
Tanaecium noctumum 
(Bignoneaceae) 

Piper guineense (Piperaceae) 

Alpinia conchigera, Zingiber 
zerumbet, & Curcuma 
zedoaria (Zingiberaceae) 

T. Baccharis salicifolia 

castaneum (Asteraceae) 

Tagetes terniflora 
(Asteraceae) 
Artemisia vulgaris 
(Asteraceae) 

Piper nigrum (Piperaceae) 

Vepris heterophyla (Rutaceae) 

Trachyspermum ammi, 
Anethum graveolens 
(Apiaceae), & Nigella sativa 
(Ranunculaceae) 
Cinnamomum cassia 
(Lutaciae) & Eugenia 
caryophyllata (Myrtaceae) 
Taurus nobilis (Lauraceae) & 
R. officinalis (Lamiaceae) 

Anacyclus cyrtolepidioides 
(Asteraceae) 

Cymbopogon martini 
(Poaceae) 


Activity 

Active 

ingredient 

Refs. 

Insecticide and 


Negahban et 

repellent 


al., 2006 


1,8-cineole, 

Rozman et al., 
2007 

Fumigant 

borneol, & 


thymol 



Negahban and 

Fumigation 

- 

Moharramipo 



ur, 2007 

Contact 


Stefanazzi et 


al., 2011 

Fumigant 

Pulegone & 
menthone 

Liu et al., 2011 

Knock down 

P-pinene & 

Jirovetz et al.. 

effect 

terpinen-4-ol 

2005 

Fumigant & 


Fazolin et al.. 

contact 


2007 

Contact toxicity 

a-pinene & |3- 

Tchoumbougn 
ang et al.. 

pinene 

2009 

Contact & 


Suthisut et al.. 

antifeednat 


2011 

Insecticide & 

a-pinene & p- 

Garcia et al.. 

repellent 

pinene 

2005 

Feeding 


Stefanazzi et 

deterrent 


al., 2006 

Repellent & 


Wang et al. 

fumigant 


(2006 

Upadhyay 

Repellent 

- 

and Jaiswal, 



2007 

Insecticide 

- 

Ngamo 
et al., 2007 

Fumigant & 
repellent 

- 

Chaubey, 2007 


Cinnamaldehyd 
e & eugenol 

Mondal and 

Contact 

&fumigant 

Khalequzzam 
an, 2010 
Isikber et al.. 

1,8-cineole 

Fumigant 

2006 

Zardi- 


Contact 

- 

Bergaoui et al.. 



2008 

Repellent 

- 

Rajesh et al., 
2007 
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Essential oil 

Cymbopogon winterianus 
(Poaceae) & Primus 
amygdalus (Rosaceae) 
Matricaria chamomile 
(Asteraceae) 
Perovskia abrotanoides 
(Lamiaceae) 

Tagetes minuta & Tagetes 
patula (Asteraceae) 

Artemisia sieberi (Asteraceae) 

Schizonpeta multifida 
(Lamiaceae) 

Alpinia conchigera, Zingiber 
zerumbet, & Curcuma 
zedoaria (Zingiberaceae) 
Cymbopogon distans 
(Lamiaceae) 
Origanum acutidens 
(Lamiaceae) 

Perilla frutescens, Satureja 
montana, Thymus vulgaris, & 
Mentha piperita (Lamiaceae) 
& Cinnamomum cassia & 
Litsea cubeba (Lauraceae) 

Nepata racemosa (Lamiaceae) 

Pistacia lentiscus 
(Anacardiacae) 

Mentha piperita (Lamiaceae) 


Activity 


Insecticide 


Repellent 

Fumigant 

Fumigant & 
contact 
Insecticide & 
repellent 

Fumigant 

Contact & 
antifeednat 

Repellent 

Fumigant 


Repellent 


Fumigant 

Fumigant 

Fumigant 


Active 

ingredient 


Camphor & 1,8- 
cineole 


Pulegone & 
menthone 

Terpinen-4-ol 

Geraniol & 
citronellol 


a-Terpineol, 
linalool, & (-)- 
perillaldehyde 


Al-Jabr, 2006 


Al-Jabr, 2006 

Arabi et al., 
2008 

Alok et al., 
2005 

Negahban et 
al., 2006 

Liu et al., 2011 

Suthisut et al., 
2011 

Zhang et al., 
2011 

Caglar et al., 
2007 


Hori, 2003; 

2004 

Aslan et al., 

2005 

Bachrouch et 
al., 2010 
Bakr et al., 
2010 


■’This table was summarized using a review paper written by Perez et al. (2010) and was modified 
through the addition of several recent data 

Table 2. Toxicity of plant essential oils against major economic stored products insect pests 3 

3.1 Fumigant toxicity of origanum oil (O. vulgare) 

Several origanum plant species are used as food additives, sedatives, diuretics, antiseptics, and 
sweeteners in the treatment of gastrointestinal diseases. They are also rich in bitter substances 
(Baytop, 1999; Esen et al., 2007). In vapor-phase toxicity bioassay using both closed and open 
container methods, the insecticidal activity of origanum oil against T. castaneum adults was 
higher in closed containers than in open containers indicating that the activity be exerted by 
fumigant action (Table 3). In addition, 10 constituents of the origanum oil were a-pinene, 
camphene, myrcene, p-cymene, y-terpinene, linalool, thymol, carvacrol, a-thujene, and 
caryophyllene oxide (Fig. 1) and major components among them were monoterpenes such as 
carvacrol (67.2%), p-cymene (16.2%), y-terpinene (5.5%), thymol (4.9%), and linalool (2.1%). 
Daferera et al. (2003) also reported that O. vulgare oil from Greece contains thymol (63.7%), p- 
cymene (13.0%) and carvacrol (8.6%) as main components. These results indicate that 
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Origanum plants are largely plentiful sources of thymol, carvacrol, y-terpinene, and p-cymene 
(Esen et al., 2007; Kordali et al., 2008). Plant essential oils contain very complex natural 
mixtures or compounds at different concentrations and two or three components at fairly high 
concentrations (20 to 70%) as main components. These main components generally have a 
biological property of the essential oil and they are composed of terpenoids and aromatic 
constituents characterized by low molecular weight (Bakkali et al., 2008). The most frequently 
found components in most plant essential oils which had strong insecticidal activity to various 
coleopteran stored products insect pests were monoterpenes such as a-or /1-pinenes, camphor, 
1,8-cineole, and terpinen-4-ol (Table 2). Especially, Lee et al. (2004) showed that Eucalyptus 
nicholii, E. codonocarpa, E. blakelyi, Callistemon sieberi, Melaleuca fulgens and M. armillaris 
belonging to the family Myrtacesae found in Australia had potent fumigant toxicity against S. 
oryzae, T. castaneum, and R. dominica. and the oils contained plentifully 1,8-cineole. 



a-pmene 


thvmol 


carvacrol 


;'-terpmaie 


linnlool 



: CH, 


CL 

ch 3 


campliaie 


caryophyllene oxide 


Fig. 1. Chemical structures of terpenoids for toxicity and repellent tests against Tribolium 
castaneum adults. 






Method a 

LD 50 (mg/cm 3 ) 

Slope (±SE) 

95% CL 

A 

0.055 

2.0 (±0.22) 

0.0432-0.0694 

B 

> 0.353 

- 

- 


a A, vapour in dosed container; B, vapour in open container. 

Table 3. Fumigant toxicity of origanum essential oil against Tribolium castaneum adults 24 h 
after treatment 


Carvacrol, p-cymene (16.2%), y-terpinene (5.5%), and thymol derived from Origanum genus 
plants exerted both contact and fumigant toxicities to T. castaneum (Prates et al, 1998; Garcia 
et al., 2005) and similar results were obtained from our study (Kim et al., 2010). In the tests 
to evaluate the fumigant activities of a-pinene, camphene, myrcene, p-cymene, y-terpinene, 
linalool, thymol, carvacrol, and caryophyllene oxide against T. acastaneum adults, the 
toxicity of caryophyllene oxide (LCso, 0.00018 mg/cm 3 ) was comparable with that of 
dichlorvos (LCso, 0.00007 mg/cm 3 ), and thymol, camphene, a-pinene, p-cymene, and y- 
terpinene showed highly effective activity (LCso, 0.012-0.195 mg/cm 3 ) [Table 4]. 



102 


New Perspectives in Plant Protection 


Interestingly, T. castaneum adults exposed to higher doses (0.18-0.353 mg/cm 3 ) of the 
origanum oil responsed retarded behaviors such as random walking and wandering and 
then the exposed adults with body color of much darker brown died after 6 hours. This 
tendency was observed in tests with the active constituents from the O. vulgare essential oil. 
The strong toxicity of this origaum oil and its components with high volatility may result 
from the change of respiration rate of T. castaneum adults by the inhibition of the 
mitochondrial electron transport system. Emekci et al. (2002) reported that changes in the 
concentration of oxygen or carbon dioxide may elicit fumigant action by affecting 
respiration rate of immature stages of T. castaneum. 


Material 

Retention 
time, min 

Relative 
composition 
ratio, % 

LD50 

(mg/cm 3 ) 

Slope 

(±SF) 

95% CL a 

a-pinene 

7.675 

1.58 

0.114 

7.6 (±1.33) 

0.0998-0.1274 

Camphene 

8.046 

0.47 

0.072 

3.9 (±0.48) 

0.0619-0.0833 

/1-myrcene 

9.093 

1.14 

> 0.353 

- 

- 

p-cymene 

9.957 

16.16 

0.140 

8.5 (±1.86) 

0.1218-0.1563 

y-terpinene 

10.828 

5.52 

0.195 

6.7 (±0.94) 

0.1784-0.2133 

Linalool 

11.845 

2.13 

> 0.353 

- 

- 

Thymol 

16.480 

4.85 

0.0012 

2.7 (±0.41) 

0.0009-0.0016 

Carvacrol 

16.733 

67.23 

> 0.353 

- 

- 

Caryophyllene 

oxide 

22.745 

0.37 

0.00018 

1.9 (±0.39) 

0.00007-0.00028 

Dichlorvos 

- 

- 

0.00007 

3.5 (±0.59) 

0.00004-0.00008 


a CL, confident limit. 

Table 4. Contact and fumigant toxicity of constituents identified from origanum essential oil 
by gas chromatography coupled with mass spectroscopy (GC-MS) against Tribolium 
castaneum adults 24 h after treatment 

In another test to determine the repellency of the origanum oil and its constituents by using an 
area preference method against T. castaneum adults, the oil showed strong activity (98%) at 0.03 
and 0.006 mg/cm 2 but was decreased rapidly at 0.001 mg/cm 2 (Fig. 2A to F). In addition, 
caryophyllene oxide and n-pinene gave 85 and 82% at 0.001 mg/cm 2 , respectively and 
hydrogenated monoterpenoids such as thymol, carvacrol, and myrcene also showed more 
than 77% at 0.03 and 0.006 mg/cm 2 (Fig. 2A to E). These results suggest that the origanum 
essential oil exerting strong toxic effect also show high repellency against T. castaneum adults 
and the repellency of compounds such as sesquiterpene oxide (caryophyllene oxide) or 
monoterpene phenols (thymol & carvacrol) is much stronger than monoterpenes except for a- 
pinene and myrcene (Fig. 2E). Wang et al. (2009) also observed that /1-pinene had both the 
strongest toxicity and the highest repellency against T. castaneum adults. However, the toxicity 
and repellency of the origaum oil were significantly decreased by concentration and exposed 
time. Especially, the activities of caryophyllene oxide that gave the strongest fumigant toxicity 
and repellency were depended on concentration (F=17.02, P = 0.0001), time (F=6.49, P = 
0.0023), and concentration-time factors (F=2.88, P = 0.0292). 
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Fig. 2. The repellency of main constituents, a-pinene (A), myrcene (B), carvacrol (C), thymol 
(D), caryophyllene oxide (E), and the origanum essential oil (F) was observed 2, 4, 6, and 24 
h after treatment at three concentrations against Tribolium castaneum adults. Repellency was 
calculated as follows: repellency, % = ((C-T)/(C+T))*100. The activity depended on 
concentration (F=17.02, P = 0.0001), time (F=6.49, P = 0.0023), and concentration-time factors 
(F=2.88, P = 0.0292). Twenty adults were used per replicate; 3 replicates per treatment (n = 
60). 

3.2 Fumigant toxicity of horseradish oil (C. armoracia) 

Horseradish, C. armoracia (Brassicaceae), has been exclusively used in Japanese and 
Korean raw fish to provide the pungent property of its edible root. This plant species 
contains various volatile compounds such as allyl and butyl isothiocyanates (Ina et al., 
1981). Allyl isothiocyanate is utilized as a spice and a preserver by the food industry and 

















































































104 


New Perspectives in Plant Protection 


is classified as generally regarded as safe (GRAS) by the Food and Drug Administration 
(FDA) of the United States (Isshiki et al., 1992). The distillate contanined approximately 
90% allyl isothiocyanate which completely inhibited the growth of Staphylococcus aureus, 
Escherichia coli 0157:H7, Salmonella typhimurium, Listeria monocytogenes, and Serratia 
grimesii on agar for seven days in aerobic storage at 12 °C. However, little work has been 
done to investigate their ability to control stored product insects, although insecticidal 
activity of the Cochlearia essential oil against L. serricorne adults was noted (Kim et ah, 
2003). When C. armoracia essential oil was tested to the adults of S. zeamais, C. chinensis, 
and L. serricorne and the larvae of A. unicolor japonicus using direct contact application, 
significant differences were observed in the mortality of the insects (n = 100) (Table 5). A 
high mortality of 100% was occurred when S. zeamais adults were dosed at a rate of 0.35 
mg/cm 2 for 24 h. Against C. chinensis adults, the essential oil gave 100% mortality when 
dosed at a rate of 0.18 mg/cm 2 for 24 h. A high mortality of 100% was occurred when L. 
serricorne adults were dosed at a rate of 0.35 mg/cm 2 for 24 h. Against A. unicolor japonicus 
larvae, the oil caused 93% mortality when dosed at a rate of 1.05 mg/cm 2 for 24 h. These 
results showed that C. chinensis adults were the most susceptible and A. unicolor japonicus 
larvae were the most tolerant to the oil. 


Dose, 


Mortality (%) mean±SE a 


mg/ cm 2 

S. zeamais 

C. chinensis 

L. serricorne 

A. unicolor japonicus 

1.05 

Jo 

- 

- 

93±7a 

0.70 

- 

- 

- 

10 ±2b 

0.35 

100 ±0a 

- 

100 ±0a 


0.18 

27±7b 

100 ±0a 

40±6b 


0.09 

0 ±0c 

33±3b 

0 ±0c 



“Means within a column followed by the same letter are not significantly different at P = 0.05 (Scheffe's 
test). 

b not determined. 

Table 5. Insecticidal activity of Cochlearia armoracia essential oil against four coleopteran 
stored product insects (n = 100) exposed for 24 h, using filter paper diffusion method 

In another test using allyl and butyl isothiocyanates, the toxicity of these isothiocyanate 
against S. zeamais adults, C. chinensis adults, L. serricorne adults, and A. unicolor japonicus 
larvae varied according to dose and insect species (Table. 6). The two compounds caused 
100% mortality of S. zeamais and C. chinensis adults at 0.07 mg/cm 2 . Against L. serricorne 
adults, the two isothiocyanates caused 100 and at least 85% mortality at 0.14 and 0.07 
mg/cm 2 respectively, but the mortality was significantly reduced at 0.04 mg/cm 2 . Against 
A. unicolor japonicus larvae, allyl and butyl isothiocyanates both showed >90% mortality at 
0.35 mg/cm 2 but and 53% mortality at 0.21 mg/cm 2 , respectively. 
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Dose, 

mg/cm 2 


Mortality (%) mean±SE a 


Compound 

S. zeamais 

C. chinensis 

L. serricome 

A. unicolor 
japonicus 

Allyl 

isothiocyanate 

0.35 

_b 

- 

- 

97±2a 


0.21 

- 

- 

- 

53±lb 


0.14 

- 

- 

100 ±0a 

17±2cd 


0.07 

100 ±0a 

100 ±0a 

85±3b 

3±le 


0.04 

27±3b 

92±lb 

18±2c 

0 ±0e 


0.02 

7±2c 

25±3c 

0 ±0d 

- 

Butyl 

isothiocyanate 

0.35 

- 

- 

- 

93±3a 


0.21 

- 

- 

- 

73±3b 


0.14 

- 

- 

100 ±0.0a 

50±6b 


0.07 

100 ±0.0a 

100 ±0.0a 

88±1.9b 

23±3c 


0.04 

38±1.9b 

98±1.9ab 

12 ±2.0c 

7±2de 


0.02 

6±2.7c 

19±2.8c 

0 ±0.0d 

0 ±0e 


“Means within a column followed by the same letter are not significantly different at P = 0.05 (Scheffe's 
test). 

b -, not determined. 

Table 6. Insecticidal activity of allyl isothiocyanate and butyl isothiocyanate against four 
coleopteran stored product insect pests (n = 100) exposed for 24h, using filter paper 
diffusion method 

In a fumigation test, susceptibility of C. cautella larvae, S. oryzae adults, L. serricome adults, 
and A. unicolor japonicus larvae to fumigant action of two isothiocyanates from horseradish 
oil was evaluated using a bioassay system. Briefly, groups of twenty beetle adults or larvae 
were placed in diet cups (3.6 cm diameter x 4 cm) covered with 60-mesh cloth. Each filter 
paper (Whatman No. 2, 4.7 cm diameter) treated with each component of horseradish oil in 
100 ul of methanol was placed in the bottom of the polyethylene cup (4.7 cm diameter x 8.4 
cm), and then the diet cup was put into the polyethylene cup with a lid (method A), or 
without a lid (method B) in order to prevent direct contact of the tested insects with each 
materials. In the experiment for direct contact of the insects with test material, each filter 
paper treated with each test component in 100 ul of methanol was placed in the bottom of 
the polyethylene cup, and then test insects were placed in each cup either with a lid (method 
C), or without a lid (method D). Controls received 100 ul of methanol (Fig. 3). 
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Fig. 3. Bioassay system used for fumigant test of allyl and butyl isothiocyanates against four 
stored products insect pests. 

Responses of each insect species varied with both treatment method and insect species 
(Table 3). There was significant difference (P = 0.05) in insecticidal activity of the two 
components between with lids (A) and without lids (B) when there was no contact of the 
insects with filter paper treated with them. In above systems, four insects showed 100% 
mortality with method A but produced less than 40% mortality with method B. In case of 
direct contact, significant difference in insecticidal activity of the components between with 
lids (C, 100% mortality) and without lids (D) was also observed. In these systems, all tested 
insects showed similar results: allyl and butyl isothiocyanates were much more effective in 
closed containers with lids (A & C) than in open ones without lids (B & D), indicating that 
the mode of delivery of these compounds was largely due to action in the vapour phase, as 
for fumigants (Table 7). Additionally, the adults died by the oil and active components 
showed specific symptoms: they have trembled their legs or folded their forelegs toward 
thorax, and even C. chinensis adults have unfolded their inner wings. 


Mortality (mean±SE, %) 


Method 11 S. oryzae a C. chinensis a A. unicolor japonicus b 



AITC 

BITC 

AITC 

BITC 

AITC 

BITC 

A 

100 a 

100 a 

100 a 

100 a 

100 a 

98±2.0a 

B 

30±7.1b 

6±2.5b 

60±2.5b 

10±3.2b 

40±2.4bc 

8±3.7c 

C 

100 a 

100 a 

100 a 

100 a 

100 a 

100 a 

D 

34±11.4b 

2 ±2.0b 

24±2.5b 

22±3.7b 

12±3.7b 

62±3.7b 


a - b Exposed to 0.21 and 0,70 mg/cm 2 of allyl isothiocyanate and butyl isothiocyanate. 

Table 7. Fumigant activity of allyl isothiocyanat (AITC) and butyl isothiocyanate (BITC) 
against four stored product insects (n = 100) exposed for 24h 


Many studies have carried out to utilize allyl isothiocyanate as a fumigant, and it showed 
effectiveness when was applied to control coleopteran stored insect pests such as L. 
serricorne and T. confusum (Worfel et al., 1997), Ryzopertha dominica (Tsao et al., 2002), S. 
oryzae (Dilawari et al., 1991), and S. zeamais and L. entomophila (Wu et al., 2009). Besides 
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insecticidal activity, allyl isothiocyanate is found to possess attractant effect to Delia brassicae 
(Wallbank & Wheatley, 1979), repellent effect against Culicoides impunctatus (Blackwell et al., 
1997), and antimicrobial activity to infectious bacteria and fungi (Mayton et ah, 1996; 
Delaquis & Sholberg, 1997). Additionally, allyl isothiocyanate has low acute toxicity to 
mammals (Budavari et al., 1989), although this compound is known to have a mutagenic 
effect on Salmonella typhimurium (Azizan & Blevins, 1995). Allyl isothiocynate from 
horseradish oil have been received global attention due to their pesticidal properties and 
potential to protect several food commodities, but there are few results about its insecticidal 
activity. Results of this and earlier studies indicate that the Cochlearia essential oil-derived 
materials might be useful for managing adults of S. zeamais, C. chinensis, and L. serricome, 
and larvae of A. unicolor japonicas in enclosed spaces such as storage bins, glasshouses or 
buildings because of their fumigant action, provided that a carrier giving a slow release of 
active material can be selected or developed. 

4. Plant extracts as alternative insecticides 

The practical use of plant extracts, derivatives or powders as insecticides can be traced back 
at least 4,000 years (Thacker, 2002). Ancient Indians and Egyptians in 2,000 and 1,000 BC, 
recognized plants as sources of poisoners and insecticidal compounds for pest control, 
respectively. Modern plant insecticides, a powder obtained from the dry flowers of 
pyrethrum plant, was used for control of head lice in children (Addor, 1995). Although a 
few plant extracts including the pyrethrum had shown promising effects after the Second 
World War, they were replaced by the introduction of synthetic chemical insecticides. 
However, due to biodegradable and relatively safe properties of plant insecticides, it leads 
to revival of growing interest in the use of plant extracts in modern agrochemical researches. 
Especially, many studies to find and identify insecticidal activity of oriental medicinal plant 
extracts have been done and the limited regional use of several plant extracts like Capsicum 
oleoresin became the limited regional exists in organic cultivated crops. In accordance with 
this trend, we evaluated the insecticidal activity of A. gramineus against against S. zeamais, C. 
chinensis and L. serricome adults and the antifeedant activities of some plant extracts against 
A. unicolor japonicus larvae. 

4.1 The insecticidal acivity of A. gramineus materials 

The rhizome from A. gramineus (Araceae) has long been considered to have medicinal 
properties such as a digestant, an expectorant, and a stimulant against digestive disorders, 
diarrhea, and epilepsy (Balakumbahan et al., 2010). It contains fl -Asarone or (Z)-asarone which 
was the major constituent in the leaves (27.4 to 45.5%), whereas acorenone was dominant in 
the rhizomes (20.9%) followed by isocalamendiol (12.75%) (Venskutonsis et al., 2003). (Z)-and 
(E)-asarones identified in A. gramineus rhizome showed strong insecticidal activities to 
Nilaparvata lugens females and Plutella xylostella larvae, although the activity of (Z)-asarone was 
higher than that of (E)-asarone (Lee et al., 2002). Besides these compounds, (E)-asarone (8- 
14%), caryophyllene (1-4%), isoasarone (0.8-3.4%), (Z)-methyl isoeugenol (0.3-6.8%) and safrol 
(0.1-1.2%) were also identified in East Asia (Tang & Eisenbrand, 1992; Namba, 1993). 

In a direct contact application using fractions from the methanol extract of A. gramineus 
rhizome, hexane fraction at 0.51 mg/cm 2 showed 100% mortality against adults of S. zeamais 
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and C. chinensis but 57% mortality against L. serricorne adults (Park, 2000). The insecticidal 
activities of methanol extract of the Acorns rhizome against adults of S. zeamais and C. 
chinensis were reported (Hill & Schoonhoven, 1981). The insecticidal activities of the Acorus 
rhizome-derived acitive constituents, which were characterized as the phenylpropenes (Z)- 
and (E)-asarones, against S. zeamais, C. chinensis, and L. serricorne adults were tested using 
direct contact bioassay under laboratory conditions (Table 8). Responses depended on both 
the compound and exposure time, but there was no significant difference in the toxicity 
among the doses. Namely, in a filter paper diffusion test, (Z)-asarone showed strong toxicity 
(60-100% mortality) against S. zeamais adults at all the tested doses at 3 to 7 days after 
treatment (Table 8), but (E)-asarone at 0.255 mg/cm 2 caused only 37% activity even at 7 days 
after treatment. In a case of C. chinensis adults at a rate of 0.064 mg/cm 2 , (Z)- and (E)- 
asarones gave 100% mortality at 3 and 7 days after treatment, respectively. At 0.255 and 
0.064 mg/cm 2 of (Z)-asarone against L. serricorne adults, it showed 90 and 83% mortality at 7 
days after treatment, whereas (E)-asarone at 0.255 mg/cm 2 had weak insecticidal activity 
even at 7 days after treatment. These results showed that the toxicity of (Z)-asarone against 
S. zeamais, C. chinensis, and L. serricorne adults was much higher activity than (E)-asarone 
and the responses of C. chinensis and L. serricorne adults to the asarones were the most 
susceptible tolerant, respectively (Table 8). Thus, the differences in toxicity of asarones to the 
coleopteran insect pests might be due to the cis and trans configuration. Similar results were 
obtained from a study using ethanol extract of A. calamus (Yao et ah, 2008). The ethanol 







Mortality (%) (±SE)a 




Compo 

und 

Dose, 
mg/cm 

2 


3 DAT b 


4 DAT 



7 DAT 


s. 

zeamais 

C. 

chinensi 

s 

L. 

serricor 

ne 

S. C. 

zeamai chinens 
s is 

L. 

serricor 

ne 

s. 

zeamais 

C. 

chinens 

is 

L. 

serricom 

e 

(Z)- 

asarone 

0.255 

60±0.0a 

100 a 

20 ±0.0a 

90±2.9 

a 

40±0.0a 

100 a 


90±0.0a 


0.127 

60±0.0a 

100 a 

17±3.3a 83±3.3 
b a 

43±3.3a 

100 a 


87±1.7a 


0.064 

60±0.0a 

100 a 

10 ±0.0 

b 

70±2.9 

a 

40±0.0a 

100 a 


83±3.3a 

(£)- 

asarone 

0.255 

0 b 

0 b 

0 c 

7±3.3b 47±3.3a 

0 b 

37±3.3 

b 

100 a 

33±3.3b 


0.127 

0 b 

0 b 

0 c 

3±3.3b 50±0.0a 

0 b 

30±0.0 

b 

100 a 

27±3.3b 


0.064 

0 b 

0 b 

0 c 

7±3.3b 33 7 L6 
b 

0 b 

33±3.3 

b 

100 a 

30±0.0b 


a Means within a column followed by the same letter are not significantly different (P = 0.05, Scheffe's 
test) (20 adults per replicate; 3 replicates per treatment: n = 60). Mortalities were transformed to arcsine 
square-root before ANOVA. Means (±SE) of untransformed data are reported. 
b Days after treatment. 

Table 8. Insecticidal activity of Acorus gramineus rhizome-derived compounds against 
Sitophilus zeamais, Callosobruchus chinensis, and Lasioderma serricorne adults using direct 
contact application 
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extract strong repellency and contact effect to S. zeamais and the active constituent, (Z)- 
asarone also showed 100% mortality and 85% repellency at 40.89 and 314.54 pg/cm 2 at 12 h 
after treatment, respectively. (Z)-asarone from hexane extract of Daucus carota seed 
possesses significant weight reductions of Helicovarpa zea, Heliothis virescens, and Manduca 
sexta larvae (Momin & Nair, 2002), insecticidal activities to adults of Nilaparvata lugens and 
larvae of Plutella xylostella, and attractant effect for the oriental fruit flies (Jacobson et al., 
1976), while (E)-asarone has antifeeding activity against Peridroma saucia (Koul et al., 1990) 
and oviposition-stimulating effect for Psila rosae (Stadler & Buser, 1984). 

In a fumigation test to determine whether the adulticidal activity of (Z)-asarone at 0.577 
mg/cm 2 against S. zeamais was attributable to fumigant action or not, it was much more 
effective in closed cups than in open ones (Fig. 4). Similar results were obtained with adults 
of C. chinensis and L. s erricorne, indicating that the insecticidal activity of the compound was 
largely attributable to fumigant action via vapor phase. The fumigant action of the 
phenylpropenes (E)-anethole, estragole, and asarones against adults of S. zeamais, C. 
chinensis, and L. serricome has been early known (Ahn et al., 1998; Park, et al., 2000). Ahn et 
al. (1998) reported that carvacrol is highly toxic to adults of three coleopteran insect pests (S. 
oryzae, C. chinensis, and L. serricome) and nymphs of the temite ( Reticulitennes speratus) and 
exhibits insecticidal activity in the vapor phase. In terms of these results, A. gramineus 
rhizome-derived materials as naturally occurring insect-control agents could be useful for 
managing S. zeamais, C. chinensis, and L. serricome adults. 



Means within a column followed by the same letter are not significantly different (P = 0.05, Scheffe's 
test) (10 adults per replicate; 3 replicates per treatment: n = 30). 


Fig. 4. Fumigant activity of (Z)-asarone derived from Acorus gramineus rhizome against 
adults of three coleopteran stored products insect pests 


4.2 Antifeedant activity of aromatic plant extracts 

In many literatures, antifeedant term has been frequently found but we use the term only 
when a plant source inhibits feeding initiation or continuation of a target insect, or the insect 
is killed by no feeding in this review. Many lines of research on antifeeants have been 
carried out almost in laboratory conditions using two-choice tests against usually one 
species. Recently, Du et al. (2011) reported that the ethanol extract of Ceriops tagal stems and 
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twigs possessed significant feeding deterrent against the red flour beetle, T. castaneum. In 
addition, most experimental insect species are lepidopteran larvae such as amyworms 
(.Spodoptera spp.), budworms ( Heliothis spp.), cabbage white butterflies ( Pieris spp.), or 
locusts (Locusta migratoria). The monotepenes, camphor and 1,8- cineole are well known 
feeding deterrents to budworms ( Heliothis virescens & Anthonomus grandis) and T. 
castaneum (Tripathi et ah, 2001) and capsaicin derived from Capsicum spp. is a good 
repellent to S. zeamais (Ho & Ma, 1995). In another study with four enantiomeric pairs of 
y-lactones, a terpenoid lactone exhibited antifeeding activity toward grain storage pests- 
the granary weevil beetle (S. granarius), the khapra beetle ( Trogoderma granarium), and the 
confused flour beetle (T. confusum). Muzigadial like ugnadensidial and warburganal, and 
polygodial are a sesquiterpene from Warburgia spp. and originally isolated from the 
waterpepper plant (Polygonum hydropiper), respectively, showed potent antifeedant 
activity against the Australian carpet beetle ( Anthrenocerus australis ) at a 0.04% wool 
weight (Gerard et ah, 1992). In addition, a neem extract containing azadirachtin as well as 
several other neem compounds (e.g. nimbin and azadirone) had antifeedant activity 
against the A. australis at as low as 0.01% wool weight for at least 14 days after treatment 
(Gerard et al., 1992). Although many studies on antifeedants have been carried out using 
various plant species, there are few researches on antifeedant activity of oriental 
medicinal plants against A. unicolor japonicus. 

We determined the antifeedant activity of oriental aromatic plant extracts against the larvae 
of A. unicolor japonicus exposed to 5.2 mg/cm 2 for 28 days after treatment using a fabric 
impregnated application (Table 9). In this test, many plant extracts showed good antifeedant 
activity to the Japanese black carpet beetle (Han et al., 2006). Especially, the methanol 
extracts of Angelica dahurica root, Cnidium ojficinale rhizome, Dryobalanops aromatica resin, 
Pterocarpus indicus heart wood. Allium sativum rhizome, lillicium verum fruit, Eugenia 
caryophyllata flower bud, Lysimachia davurica whole plant, Zanthoxylum schinifolium fruit, 
Nardostachys chinensis rhizome, and Kaempferia galanga whole plant revealed complete 
antifeedant activity. These plants also kept 100% protection effect by antifeedant at a rate of 
2.6 mg/cm 2 and five active plant extracts (A. dahurica, E. caryophyllata, L. davurica, N. 
chinensis, and K. galanga) showed complete protection activity even at 1.04 mg/cm 2 (Table 9). 
As expected, several plants such as E. caryophyllata, D. aromatica, A. savtivum, and I. verum 
keeping potent antifeedant activity also gave 77-100% mortality at 1.04-5.2 mg/cm 2 within 
28 days exposure periods. Although plants showing potent insecticidal activity give good 
antifeedant activity, it is unlikely to have a linear relationship between insecticidal and 
antifeedant activity of aromatic plants, because plants such as A. dahurica, L. davurica, N. 
chinensis, and K. galanga showing 100% antifeedant activity at 1.04 mg/cm 2 showed weak or 
a little insecticidal activity (Table 9). 

Because several plants are complete antifeedants, we designed another test to determine the 
mixture or synergic effect of binary mixtures composed of A. dahurica, I. verum, A. sativum, 
and D. aromatica. Prepared binary mixtures were as follows: A. dahurica + I. verum, A. 
dahurica + A. sativum, A. sativum + I. verum, and D. aromatica + A. sativum (1:1, w/w; final 
dose 1.04 mg/cm 2 ). Antifeedant activities of the binary mixtures against the carpet beetle 
larvae at 31 days were more than 95% except for the mixture of A. sativum + I. verum (Table 
10). Additionally, the binary mixture of D. aromatica + A. sativum gave 77% mortality at 28 
days after treatment but the other mixtures did not show good mortality (Table 10). 
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Dose, mg/cm 2 


Plant 

5.2 a 


2.6 


1.04 



DA, mg 

AI, % 

DA, mg 

AI, % 

DA, mg 

AI, % 

Angelica dahurica 

0 ±0.0a 

too 

0 ±0.0a 

100 

0 ±0.0a 

100 

Cnidium officinale 

0 ±0.0a 

100 

0 ±0.0a 

100 

4.6±1.5abc 

93 

Foeniculum vulgare 

3.0±1.0ab 

95 

19.7±2.4b 

67 

19.7±2.4b 

68 

Acorus calamus var. 
angustatus 

4.2±0.5ab 

93 

1 .2±0.6ab 

98 

8.4±4.3abc 

86 

Acorus gramineus 

3.6±0.2abc 

94 

3.5±0.2ab 

94 

55.2±4.2d 

11 

Boswellia carterii 

9.0±1.4b-e 

85 





Artemisia princeps var. 
orientalis 

0.7±l.labc 

92 

4.3±1.3bc 

93 

16.5±6.4abc 

d 

73 

Inula helenium 

4.8±1.7abc 

93 

8.7±5.1bc 

85 

30.8±7.5bcd 

50 

Brassica juncea 

0 ±0.0a 

100 

0 ±0.0a 

100 

0 .1±0.1a 

100 

Dioscorea batatas 

19.7±1.5d-f 

67 





Dryobalanops aromatica 

10 .8±l.lb-e 

82 



20.5±2.5abc 

d 


Agastache rugosa 

4.7±0.6a-d 

92 

6.5±0.8ab 

89 

67 

Schizonepeta tenuifolia 

10.9±0.2b-e 

82 





Pterocarpus indicus 

0 ±0.0a 

100 

0 ±0.0a 

100 

1.7±1.4cd 

97 

Allium sativum 

0 ±0.0a 

100 

0.5±0.4a 

99 

33.8±11.3cd 

46 

Illicium verum 

0 ±0.0a 

too 

44.4±8.2bc 

24 

38.7±10.1ab 

38 

Eugenia caryophyllata 

0 ±0.0a 

too 

0 ±0.0a 

100 

0 ±0.0a 

100 

Paeonia suffruticosa 

14.4±1.2b-e 

76 





Rheum coreanum 

22.1±2.3de 

63 





Lysimachia davurica 

0 ±0.0a 

too 

0 ±0.0a 

100 

0 ±0.0a 

100 

Chaenomeles sinensis 

8.4±1.4efg 

86 





Evodia rutaecarpa 

12 .0±1.2b-e 

80 





Zanthoxylum piperiturn 

10 .2±1.2abc 

83 





Zanthoxylum 

schinifolium 

0 ±0.0a 

100 

0 ±0.0a 

100 

5.3±1.0bcd 

91 

Capsicum annuum 

11.9±2.4b-e 

80 





Stemona japonica 

17.3±2.2c-f 

71 





Aquillaria agallocha 

4.2±1.2abc 

93 

5.9±2.3ab 

90 

9.1±4.8bcd 

85 

Nardostachys chinensis 

0 ±0.0a 

100 

0 ±0.0a 

100 

0 ±0.0a 

100 

Kaempferia galanga 

0 ±0.0a 

100 

0 ±0.0a 

100 

0 ±0.0a 

100 

Control 

59.8±1.5h 

0 

58.5±2.9c 

0 

62.0±1.4d 

0 


a DA, amount damaged by the Japanese black carpet beetle; AI (antifeedant index, %) = feeding weight 
of control - feeding weight of treatment/feeding weight of control xlOO. 

Table 9. Antifeeding activities of aromatic plant extracts against A. unicolor japonicus larvae 
at 28 days after treatment, using fabric impregnated application 
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Mixture 3 


Mortality (%) Mean±SE 


DA, 

AI, 

7DAT 

14DAT 

21 DAT 

28DAT 

mg 

% 

A.dalmrica +1. 

verum 

0 ±0.0b 

0 ±0.0b 

0 ±0.0b 

0 ±0.0b 

l±0.3a 

b 

98 

A.dahurica + A. 
sativum 

0 ±0.0b 

0 ±0.0b 

7±3.3b 

7±3.3b 

3±0.18 

b 

95 

A. sativum +1. 

verum 

0 ±0.0b 

0 ±0.0b 

3±3.3b 

3.3±3.3b 

29±5.1 

c 

51 

D. aromatica + A. 
sativum 

50±10.0a 

73±8.8a 

77±8.8a 

77±8.8a 

0 ±0.0a 

100 

Control 

0 ±0.0b 

0 ±0.0b 

0 ±0.0b 

0 ±0.0b 

59±3.5 

d 

0 


“Exposed to 1.04 mg/cm 2 . 

Table 10. Insecticidal and antifeedant activities of mixtures composed of 4 plant extracts 
against A. unicolor japonicus larvae using fabric impregnated application, exposed for 31 
days 

Results of this and earlier studies indicate that some plant extracts might be useful control or 
antifeedant agents for managing A. unicolor japonicus in appropriately enclosed systems such 
as storage bins, glasshouses or buildings. It needs to be carried out much further study on 
the investigation of insecticidal constituents against the carpet beetle from methanol extracts 
of the active plants, insecticidal mode of action of the constituents and appropriate 
formulation types for their utilization in grain stores or enclosed spaces. However, 
considering to commercially utilize a plant extract as insect antifeedant as follows, we have 
to recognize that plant extracts may exert different activities according to extracted or used 
solvents. For example, the methanol extract of Cyperus articulatus rhizome, which an insect 
repellant plant commonly found in Northern Nigeria and used traditionally in pest control, 
showed more antifeedant property than the light petroleum extract against T. casteneum 
(Abubakar et al., 2000). 

5. Conclusions and future perspectives 

We are facing challenges associated with the increasing global human population and also 
with the control of insect pests. This problem occurred by insect pests is not new because 
their appearance period is much prior to the appearance of human beings on the earth, 500 
million vs 100,000 years. Thus, it should be reasonable results that we have not been able to 
manage completely the problems that a variety of insect pests caused. To control stored 
products insect pests, our ancestors have been anecdotally using a variety of plant species. 
Based on this knowhow and knowledge, farmers in developing countries often use 
backyard-grown or naturally occurring plant materials for insect management practices but 
the use on the commercial scale of plant extracts or whole plant materials in insect control 
field is not succeeded. The most difficult barriers in the commercialization of these botanical 
insecticides or plant extracts including essential oils are the lack of consistent efficacy, the 
difficulty in mass security of a targeted natural resource and in establishment of chemical 
standardization and quality control, sometimes odor and safety concerns, and difficulties in 
preparing lots of documents for registration. In spite of these problems, neem from A. indica 
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and pyrethrum from Chrysanthemum cinerariifolium are commercially available plant extracts 
and in some parts of the world, some formulations have been used to control stored 
products insect pests (Koul et al., 1990). 

Some plant extracts, essential oils or their constituents described in this review have 
demonstrated high efficacy against coleopteran stored products insect pests responsible 
for post-harvest damage. As such, they may have considerable potential as fumigants for 
pest management from killing effect to antifeeding activity. According to currently 
accumulated information, these plant extracts are safe to the farmer as well as the 
environment. However, the efficacy duration of these plant derived-materials genellay 
falls short comparing with that of conventional pesticides and then causes frequent 
application or greater application rate, although they produce comparative effects to some 
specific pests under controlled conditions such as glass houses. In addition, there are 
several problems including mass production of a plant source, quality control, etc. to 
overcome for commercialization based on plant extracts or essential oils. Firstly, it is 
necessary to develop technically and economically sound formulation methods to solve 
the barriers in the path of commercialization. 

Nevertheless, pesticides from aromatic oriental plant extracts have several benefits. Their 
high volatility not only provides relatively much lower level of risk to applied environment 
than synthetic pesticides, but also gives less impact to non-target insects like predators and 
pollinators due to the minimum residual effect. Additionally, insect resistance to botanical 
based insecticides will develop more slowly or not because they contain complex mixtures 
or constituents. Ultimately, plant based insecticides will find their commercial position in 
the management of stored products considering their mode of action, fumigation. Of course, 
they will be most useful for public health, urban pest control, greenhouse crops, organic 
food production fields, etc. To promote the potential of plant materials to reduce the use of 
synthetic insecticides in current agricultural practices, it needs to be studied on their 
selectivity to various insect pests and non-target invertebrates as well as mode of action 
using molecular biological or biochemical techniques. 
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1. Introduction 

Insects are considered pests if they threaten a resource that is valued by humans, such as 
human health. The protection of a resource from a pest is usually achieved by poisoning the 
pest with a toxic pesticide, but protection can also be achieved by manipulating a behavior of 
the pest. Manipulation is defined as the use of stimuli that either stimulate or inhibit a 
behavior, thereby changing its expression. This definition excludes some areas in which 
changes in pest behavior are advantageous to pest management, notably those resulting from 
the sublethal effects of toxic chemicals or substances that induce a gross change in physiology 
(Gould, 1991) and those that merely consider the pest's behavior, such as planting a crop out of 
synchronization with the pestilential behavior. Intuitively, one might expect that the 
manipulation of a pestilential behavior (e.g., feeding on the resource) or a behavior closely 
related to the pestilential behavior (e.g., finding the resource) is more likely to be useful for 
pest management than the manipulation of behaviors unrelated to the resource (e.g., mating). 
The attract-annihilate method is by far the most widely used behavioral manipulation for pest 
management. The strategy of this method is simple: attract the pests to a site where as many of 
the pests as possible can be removed from the environment (Lanier, 1990). 

The principle of using a pest's own communication system as a weapon against it is not 
new, nor is it restricted to the control of fruit pests. A similar idea is at the heart of a number 
of initiatives to control a range of stock pests and to control a range of insects that present a 
risk to human health, either directly or as a result of the agents of disease that they 
transport. Once chemists learned that communication among a variety of organisms 
depends on chemical substances termed pheromones, they isolated, identified and 
synthesized hundreds of pheromones for such practical applications as pest control. 
Pheromones are a class of semiochemicals that insects and other animals release to 
communicate with other individuals of the same species. The key to all of these behavioral 
chemicals is that they leave the body of the first organism, pass through the air (or water) 
and reach the second organism, where they are detected by the receiver. 

In insects, these pheromones are detected by the antennae on the head. The signals can be 
effective in attracting faraway mates and, in some cases, can be persistent, remaining in 
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place and active for days. Long-lasting pheromones allow the marking of territorial 
boundaries or food sources. Other signals are notably short-lived and are intended to 
provide an immediate message, such as a short-term warning of danger or a brief period of 
reproductive readiness. 

Pheromones can be of many different chemical types, which serve different functions. As 
such, pheromones can range from small hydrophobic molecules to water-soluble peptides. 
Pheromones regulate many types of insect behavior. Sex pheromones are produced by one 
sex (usually the female) to attract the other sex for mating. Mass attacks by certain bark 
beetles are coordinated by aggregation pheromones that attract other beetles to the same 
tree. Alarm pheromones are produced by honey bees and aphids to help in colony defense. 
Trail pheromones are produced by ants to help other worker ants find food sources. 

Despite the discovery and characterization of ant trail pheromones over the past few 
decades (El-Sayed, 2010), surprisingly few investigations of these compounds have been 
undertaken for pest management. Research on the potential for using odorants in this way 
has targeted the control of leaf cutting ants and the red imported fire ant (Vander Meer, 
1996), but the current paradigm remains largely confined to improving the performance of 
toxic baits (Rust et al., 2004). New application technologies that deliver pheromones against 
invasive pest ants could help reduce our reliance on the use of insecticides for ant pest 
control in sensitive ecosystems or where insecticides are undesirable. Trail pheromone 
disruption that affects recruitment is an example of a novel tactic for ant pest management. 
A synthetic trail pheromone has been applied in combination with insecticidal bait 
(hereafter 'bait') in an attempt to develop a novel strategy for controlling invasive ants in a 
small treatment area. 

Trail pheromones are species-specific chemical compounds that affect insect behavior and 
bioactivity. These pheromones are active (e.g., attractive) in extremely low doses (one 
millionth of an ounce) and are used to bait traps or confuse a mating population of insects. 
Pheromones can play an important role in integrated pest management for structural, 
landscape, agricultural, or forest pest problems. In this chapter, we introduce certain principal 
aspects of trail pheromones, including source, optimum dose, longevity, and specificity. We 
also discuss synthetic trail pheromones and the possibility of applying them in pest control. 

2. Pheromones 

Pheromones were originally defined as 'substances secreted to the outside by an individual 
and received by a second individual of the same species in which they release a specific 
reaction, for instance, a definite behavior [releaser pheromone] or developmental process 
[primer pheromone]. The word pheromone comes from the Greek pherein, meaning to carry 
or transfer, and hormon, meaning to excite or stimulate. The action of pheromones between 
individuals is contrasted with the action of hormones as internal signals within an 
individual organism. 

Pheromones are often divided by function, such as sex pheromones, aggregation 
pheromones and trail pheromones. 

The main methods for utilizing an understanding of pheromones to control pests are 
monitoring, mating disruption, 'lure and kill' or mass trapping, and other manipulations 
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of pest behavior. Some of these techniques have been applied to control other animal 
pests, including vertebrate herbivores, such as deer. A major strength of pheromones is 
their effectiveness as part of integrated pest management (IPM) schemes because of their 
compatibility with biological control agents and other beneficial invertebrates, such as 
bees and spiders. Pheromones fit neatly into the virtuous spiral, for example, in 
greenhouse IPM, where the use of one biological control agent, such as a predatory spider 
mite, encourages (or requires) moving away from conventional pesticides for other pests 
(Lenteren & Woets 1988). 

2.1 Sex pheromones 

Sex pheromones have been identified for a large number of insect pests, particularly 
Lepidoptera. These chemicals have a number of useful attributes for the attract-annihilate 
method, including specificity, eliciting long-distance responses and longevity in the field. 
However, because most sex pheromones are produced by females and elicit responses from 
males, they have been used primarily in the mating disruption method, or for monitoring, 
rather than for the attract-annihilate method. The removal of adult males, unless at a very high 
proportion of the population, is unlikely to have a large impact on the size of subsequent 
generations compared with the removal of females (Lanier, 1990). Sex pheromones have also 
been used as attractants to facilitate contact with and the dispersal of pathogens in pest 
populations (Pell et al., 1993). Pheromones have been identified for many insect pests. The 
website 'Pherolist', for example, cites more than 670 genera from nearly 50 families of 
Lepidoptera in which female sex pheromones have been identified (Am et al., 1995). 

2.2 Aggregation pheromones 

Aggregation pheromones lead to the formation of animal groups near the pheromone 
source, either by attracting animals from a distance or by stopping ('arresting') passing 
conspecifics (Wyatt, 2003). In contrast to sex pheromones (which attract only the opposite 
sex), aggregation pheromones, by definition, attract both sexes (and/or, possibly, larvae).. 
The pheromones' ability to attract females makes them well suited for the attract- 
annihilate method (Lanier, 1990). Aggregation pheromones have been used successfully 
for controlling various Coleoptera, including the cotton boll weevil Anthonomus grandis in 
the United States (Hardee, 1982) and bark beetles in North America and Europe (Lanier, 
1990). Innocenzi et al. (2001) characterized a male-produced aggregation pheromone of 
An. rubi as a 1:4:1 blend of grandlure I, grandlure II and lavandulol (note: 'grandlure' is 
the name given to four components in the aggregation pheromone lure of the cotton boll 
weevil. An. grandis Boh.). A blend of the synthetic compounds was shown to attract both 
male and female beetles. 

2.3 Alarm pheromones 

Alarm pheromones have been identified most frequently from social insects (Hymenoptera 
and termites) and aphids, which usually occur in aggregations. In many cases, these 
pheromones consist of several components. The function of this type of pheromone is to 
raise an alert in conspecifics, to raise a defense response, and/or to initiate avoidance 
(Rechcigl & Rechcigl, 1998). Weston et al. (1997) showed a dose response of attraction and 
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repellence for several pure volatiles from the venom of the common wasp Vespula vulgaris 
and the German wasp V. germanica. The compounds are usually highly volatile (low 
molecular weight) compounds, such as hexanal, 1-hexanol, sesquiterpenes (e.g., (E)- p - 
farnesene for aphids), spiroacetals, or ketones (Francke et al., 1979). The alarm pheromones 
of aphids have been used commercially to increase the effectiveness of conventional 
pesticides or biological control agents, such as the fungal pathogen Verticillium lecanii 
(Howse et al., 1998). Synthetic alarm pheromones and the increased activity of the aphids in 
response to their alarm pheromones increases mortality because they come in contact more 
often with insecticide or fungal spores (Pickett et al., 1992). 

2.4 Host marking pheromones 

Spacing or host marking (epidietic) pheromones are used to reduce competition between 
individuals and are known from a number of insect orders. One of the best studied is 
from the apple maggot Rhagoletis pomonella (Tephritidae), where females ovipositing in 
fruit mark the surface to deter other females. This behavior has also been studied in the 
related cherry fruit fly ( R. cerasi). Egg laying is a key stage determining subsequent 
population density; therefore, it is perhaps unsurprising that there is considerable 
evidence of such pheromones affecting gravid females of herbivores. There is also 
exploitation of prey host marking and sex pheromones by parasitoids, which use the 
signal persistence of these intraspecific cues to find their hosts. Mating-deterrent 
pheromones are also known from a number of insects, including tsetse flies, houseflies, 
and other Diptera. These pheromones are released by unreceptive females to deter males 
from continuing mating attempts (Rechcigl & Rechcigl, 1998). 

2.5 Trail pheromones 

Chemical trail communication allows group foragers to exploit conspicuous food sources 
efficiently, and it is the most prevalent form of recruitment behavior. Trail communication is 
commonly based on a multicomponent system, in which the secretions of different glands 
(or a blend of pheromones produced by the same gland) may contribute to the structure of 
the trail and regulate different behaviors in the process of recruitment (Holldobler & Wilson 
1990; Jackson et al. 2006). 

Trail pheromones are used by animals as navigational aids in directing other members of 
the colony to a distant location, varying in length from hundreds of meters in bees to meters 
in terrestrial insects. The reasons for orienting members of the colony to a distant point may 
vary. In most cases, trails are laid by foraging workers as they return from a food source. 
These trails are then used by other foragers (Wilson & Pavan, 1959). In other cases, however, 
trails may be laid to recruit workers for slave raids, colony emigration, or the repair of a 
breach in the nest wall (Wilson, 1963). Different types of trail marking are found in 
terrestrial insects and flying insects. The terrestrial insects appear to lay a continuous or 
nearly continuous trail between points. Wilson (1962) showed that the fire ant (Solenopsis 
saevissima) drags its stinger and lays a trail in a manner similar to a pen inking a line. If the 
food source is of good quality, other workers choose to reinforce this trail, and a highway 
several centimeters wide may be formed. 
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2.5.1 Trail pheromones in bees 

To ensure a sufficient food supply for all colony members, the stingless bee Trigona corvine 
has evolved various mechanisms to recruit workers for foraging or even to communicate the 
location of particular food sites. In certain species, foragers deposit pheromone marks 
between food sources and their nest, and these marks are used by recruited workers to 
locate the food (Jarau et al., 2010). 

Honeybees have one of the most complex pheromonal communication systems found in 
nature, possessing 15 known glands that produce an array of compounds (Free, 1987). The 
stingless bee Trigona subterranean deposits scent marks from the mandibular glands every 
few meters between the nest and food to form a trail that alerts nest mates to follow it. When 
a scout bee has discovered a food source, it usually makes several trips between its nest and 
food before it lays down a trail pheromone. Scent marks are deposited on leaves, branches, 
pebbles and even clumps of earth. 

The Dufour secretions of bee workers are similar to those of a healthy queen. The secretions 
of workers in queen right colonies are long-chain alkenes with odd numbers of carbon 
atoms, but the secretions of egg-laying queens and egg-laying workers of queenless colonies 
also include long chain esters (Soroker & Hefetz, 2002). Jarau et al. (2004) recorded that in T. 
recursa, the trail pheromone is produced in the labial glands and not in the mandibular 
glands. Hexyl decanoate was the first component of a trail pheromone identified, and it 
proved to be behaviorally active in stingless bees (Jarau et al, 2006). 

2.5.2 Trail pheromones in termites 

Foraging termites produce a variety of chemicals, known as pheromones that influence their 
behavior. While tunneling underground, foraging termites lay down a trail of pheromones, 
which they secrete from glands on their abdomen. When a food source is located, the odor 
trail is intensified to recruit other termites to the feeding site (Miller, 2002). However, the 
intensity of the recruitment effort (odor trail) is influenced by soil temperature, moisture 
and compaction, as well as the size and quality of the food source. Sillam-Dusses et al. (2007) 
studied the trail pheromone in the most basal extant termite, Mastotermes darwiniensis 
(Mastotermitidae), and two other basal termites, the Termopsidae Porotennes adamsoni 
(Porotermitinae) and Stolotermes victoriensis (Stolotermitinae). Although workers of M. 
darwiniensis do not walk in single file when exploring a new environment under 
experimental conditions and are unable to follow artificial trails in 'open field' experiments, 
they do secrete a trail-following pheromone from their sternal glands. The major component 
of the pheromone appears to be the same in the three basal species: the norsesquiterpene 
alcohol (E)-2, 6, 10-trimethyl-5, 9-undecadien-l-ol. The quantity of the pheromone was 
estimated as 20 pg / individual in M. darwiniensis, 700 pg / individual in P. adamsoni, and 
4 pg / individual in S. victoriensis. The activity threshold was 1 ng/cm in M. darwiniensis and 
10 pg / cm in P. adamsoni. 

2.5.3 Trail pheromones in ants 

Ants deploy a pheromone trail as they walk; this trail attracts other ants to walk the path 
that has the most pheromones. This reinforcement process results in the selection of the 
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shortest path: the first ants coming back to the nest are those that took the shortest path 
twice (to go from the nest to the source and to return to the nest); therefore, more 
pheromone is present on the shortest path than on longer paths immediately after these ants 
have returned, stimulating the nest mates to choose the shortest path (Jackson & Ratnieks, 
2006). Nicolis (2003) suggested that the modulation of trail laying is determined not only by 
food quality but also by the intrinsic capacity of individuals to lay a certain quantity of 
pheromone. Furthermore, small colonies (or small groups of ants specialized in trail laying) 
are less capable of taking advantage of the trail recruitment than large colonies (or large 
groups of trail-laying foragers). The trail is deposited on the ground by dragging the tip of 
the abdomen along the ground or by touching the surface with the anal hairs or the tip of 
the lancet of the sting (Wilson, 1963). In Crematogaster species, the trail is deposited on the 
ground by placing the hind legs close together and drumming on the surface with the tips of 
the tarsi (Fletcher & Brand, 1968). 

In Componotus socius (Holldobler, 1971) and in Formica fusca L. (Moglich & Holldobler, 1975), 
workers lay trail contents from the food sources to the nest, but the trail is followed by 
worker ants only if they are preceded by a "waggle" display of the recruiting ant. In 
Aphaenogaster (Novomessor) and Messor, stridulation enhances the effectiveness of 
recruitment pheromones (Hahn & Maschwitz, 1985). Some Polyrhachis species employing 
leader-independent trail communication do not follow artificial trails without being 
mechanically invited first (P. arachne, and P. bicolor) (Liefke et al., 2001). The accumulation of 
fire ants in electrical equipment is the result of a foraging worker finding and closing 
electrical contacts followed by releasing exocrine gland products that attract other workers 
to the site, who, in turn, are electrically stimulated (Vander Meeret al., 2002). 

In ants, the different recruitment mechanisms include tandem running in which the scout ant 
leads one nest mate to the resource; group recruitment, which recruits tens of nest mates; and 
mass communication, which uses pheromones to recruit large numbers of nest mates (Wyatt 
2003). Jackson & Chaline (2007) found that pheromone trails are self-organized processes, 
where colony-level behavior emerges from the activity of many individuals responding to 
local information. The Pharaoh's ant is an important model species for investigating 
pheromone trails. Pharaoh's ant foragers mark their path with trail pheromones using their 
stinger on both the outgoing and return leg of foraging trips. An examination of trail markings 
showed that 10.5% of returning fed ants simply made marks by dragging their engorged 
gaster, as stinger marks were absent. After discounting gaster-dragging hair marks, fed ants 
(42.5%) did not mark significantly more than unfed ants (36.0%). However, the trail-marking 
fed ants marked pheromone trails with a significantly greater intensity compared with trail¬ 
marking unfed ants if the food source was high quality (1.0 M sucrose). When the food quality 
was low (0.01 M sucrose) there was no significant difference in marking intensity between fed 
and unfed trail-marking ants. In Pharaoh's ants, individual trail marking occurs at a frequency 
of ***40% among fed and unfed foragers, but the frequency of individuals marking with high 
intensity (continuous marking) is significantly greater when a food source is high quality. This 
behavior contrasts with another model species, Lasius niger, where trail strength is modulated 
by an all-or-nothing individual response to food quality. The reason for this fundamental 
difference in mechanism is that the Pharaoh's ant is highly reliant on pheromone trails for 
environmental orientation; therefore, it must produce trails, whereas L. niger is proficient at 
visually based orientation. 
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Robinson et al. (2008) reported that Pharaoh's ants ( Monomorium pharaonis) use at least three 
types of foraging trail pheromones: a long-lasting attractive pheromone and two short-lived 
pheromones, one attractive and one repellent. They measured the decay rates of the 
behavioral response of ant workers at a trail bifurcation to trail substrate marked with either 
repellent or attractive short-lived pheromones. The results show that the repellent 
pheromone effect lasts more than twice as long as the attractive pheromone effect (78 min 
versus 33 min). Although the effects of these two pheromones decay at approximately the 
same rate, the initial effect of the repellent pheromone on branch choice is almost twice that 
of the attractive pheromone (48% versus 25% above the control). These researchers 
hypothesize that the two pheromones have complementary but distinct roles, with the 
repellent pheromone specifically directing ants at bifurcations, while the attractive 
pheromone guides ants along the entire trail. 

2.5.3.1 Source of trail pheromones 

The sources of trail pheromones are the venom gland, Dufour's gland and the hind tibia in 
Myrmicinae; the pygidial gland in Ponerinae; Pavan's gland in Dolichoderinae; the 
postpygidial gland in Aenictinae; and the hindgut in Formicinae (Fig. 1) (Billen & Morgan, 
1998). The Dufour glands of at least a portion of myrmicine, formicine, poneromorph, 
myrmeciine, pseudomyrmecine and dolichoderine ants contain a mixture of straight-chain 
hydrocarbons from approximately C9 to C27 (Morgan, 2008). 

The Dufour gland contains the trail pheromone in a few species; in several others, it has 
been shown to have a homemarking effect (Cammaerts et al., 1981); and in Pogonomyrmex 
species, it provides longer-lasting trunk route markers (Holldobler et al., 2004), and its 
secretion confuses or repels potential slaves of slave-making species. Dufour's gland is the 
source of trail pheromone in Solenopsis species (Robert, et al., 1989), in Pheidole fallax Mayr 
(Wilson 1963), in M. destructor (Ritter et al., 1980), in Gnamptogenys menadensis (subfamily 
Ponerinae) (Gobin et al., 1998), in the slave-making ant Polyergus rufescens (Visicchio et al., 
2001), in M. mayri (Mashaly, 2010), in the samsum ant Pachycondyla sennaarensis (Mashaly et 
al., 2011) and in Messor meridionalis and M.foreli (Mashaly, 2011). 

The poison gland is the source of the trail pheromone in genus Atta, such as A. sexdens 
arbropilosa Forel (Cross et al., 1979); in genus Monomorium, such as M. niloticum and M. 
najrane (Mashaly, 2010) and M. lepineyi and M. bicolor (Mashaly et al., 2010); and in genus 
Tetramorium, such as T. s imillimum (Ali & Mashaly, 1997a). Cammaerts et al. (1994) found, in 
T. aculeatum, that the trail pheromone contained a complex mixture of substances. Two of 
these components are secreted by the poison gland: the most volatile component is an 
attractant that increases the ants linear speed; the other is the trail pheromone. A third 
component, present on the last abdominal sternite, acts as an attractant, a locostimulant and 
a synergist for the trail pheromone. The activity of these substances increases with the age of 
the workers. The poison gland of Leptothorax distinguenda contains two pheromone 
components: one elicits a strong short-term attraction to prey items; the other guides 
workers from foraging sites to the colony but only weakly. The poison gland of each minor 
and major worker is the source of the trail pheromone in Ph. jordanica Saulcy and Ph. sinatica 
Mayr (Ali & Mashaly, 1997b). In Ph. embolopyx (Jackson & Ratnieks, 2006), the trail 
pheromone is secreted from the poison gland of only minor workers. 
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Hindgut is found throughout the Formicinae, in Eciton and Neivamyrmex of the Ecitoninae 
and in Diacamma in the Ponerinae (Holldobler & Wilson, 1990; Morgan, 2008). Wilson & 
Pavan (1959) found that the dolichoderine ant Iridomyrmex humilis Myer uses Pavan's gland 
(sternal gland) as a source of the trail pheromone, with the trail substance being secreted via 
the posterior border of the sixth sternite. Also, the sternal gland is recorded as the source of 
the trail pheromone in the ant Dolichoderus thoracicus Smith (Attygalle et al., 1998) and in P. 
tarsata (Janssen et al., 1999). 

The pygidial gland can be found in all subfamilies except the Formicinae. In the 
Dolichoderinae, the pygidial gland (also known as the anal gland) is usually very large, and 
is used in defense and alarm (Morgan, 2008). Termite predation by the ponerine ant 
Pachycondyla laevigata is regulated by a recruitment trail pheromone that originates from the 
pygidial gland and not, as previously assumed, from the hindgut. The pygidial gland opens 
between the 6th and 7th abdominal terga and is associated with a distinct cuticular structure 
that obviously serves as a glandular applicator (Holldobler et al., 1980). The existence of a 
trail pheromone in a postpygidial gland of an Aenictus species has been demonstrated, and 
the substances have been identified as methyl anthranilate and methyl nicotinate. The 
pheromone consists of two parts: a primer effect, caused by methyl nicotinate, which 
prepares workers to follow trails but is not itself followed, and a releaser effect, caused by 
methyl anthranilate, which causes trail-following only in conjunction with the primer 
substance (Oldham et al., 1994). 

The anatomy of the gaster of Crematogaster ants prevents them from laying trails from 
abdominal glands; therefore, they have adopted another system in which they use glands in 
the hind tibia with a duct to the tarsi to lay the secretion by the feet (Leuthold 1968). The 
same results were found by Fletcher & Brand (1968); Ayre (1969); Ali & Mashaly (1997a); 
and Morgan et al. (2004) while working with C. peringueyi Emery, C. lineolata, C. inermis and 
C. castanea, respectively. 

Holldobler & Palmer (1989) discovered special exocrine glands in the distal tarsomere of the 
hindlegs of Amblyopone australis workers, whereas foragers of Amblyopone mark their trails 
by setting "footprints" with secretions from these tarsal glands. Workers of the ant Am. 
reclinata employ solitary prey retrieval when the prey is small, but they recruit nestmates to 
large prey. In the latter case, the scout forager paralyses the prey with its powerful sting and 
quickly returns to the nest. During this homeward journey, the scout deposits a trail 
pheromone, which originates from the well-developed footprint glands (pretarsal gland) in 
its hindlegs. Recruited workers follow this trail to reach the prey, which is later jointly 
dragged to the nest (Billen et al., 2005). 

2.53.2 Optimum dose 

It is well established that a specific concentration of trail pheromones is important because 
concentrations that are too high or too low elicit either no response or repellency (Barlin et 
al., 1976). Ants are able to optimize their foraging behavior by selecting the most rewarding 
source, due only to a modulation of the quantity of pheromone laid on a trail (Traniello & 
Robson, 1995). 

Using extract of whole gasters. Van Vorhis et al. (1981) demonstrated for I. humilis Mayer 
that the optimum activity was found in response to a trail containing 0.1 - 1.0 ant equivalent 
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per 50 cm. The activity dropped when the concentration was lower or higher than the 
optimal concentration. When the concentration was increased to 5 ant equivalents per 5 cm 
trail, not only did the trail-following activity decrease but also the mean lateral distance 
from the trail at which ants exhibited trail following increased. Myrmica rubra L. workers 
responded actively to a synthetic pheromone concentration ranging from 10 2 - 10 2 ng per 30 
cm trail (one poison gland produced 508 ng 3-ethyle-2,5dimthylepyrazine), whereas at 
concentrations lower than 10 2 ng, the workers had difficulty detecting the trail. 

Morgan et al. (1990) found that the highest activity in T. impurum Foerster was at a 
concentration of 0.1 poison gland equivalent / 30 cm trail. The activity decreased at a 
concentration of 1 and 0.01 poison gland / 30 cm trail and subsequently completely 
disappeared at the concentration of 0.001 gland. In Ph.jordanica, Ph. sinaitica and Ph. sp., the 
workers induced the highest activity between one and 5 gaster equivalent/30 cm trail (Ali & 
Mashaly, 1997b). In Paratrechina longicornis and P. vividula, the optimum dose of the trail¬ 
following was found to be 1 gaster equivalent / 30 cm trail (Mashaly et al, 2008). In M. 
lepineyi and M. bicolor, the optimal dose s was found to be 1.0 and 0.1 poison gland 
equivalent/30 cm trail, respectively (Mashaly et al., 2010). The optimum concentration was 
1.0 and 0.1 gaster equivalent (GE)/30 cm trail in M. niloticum, 1.0 GE in M. najrane and 5.0 
GE in M. mayri (Mashaly, 2010). InM. meridionalis and M. foreli, the optimum concentration 
of trail pheromone was found to be 1 gland equivalenf/30 cm trail (Mashaly, 2011). In P. 
sennaarensis, the optimum concentration of trail pheromone was found to be 0.1 gland 
equivalent/40 cm trail (Mashaly et al., 2011). 

2.5.3.3 Trail longevity 

Pheromones are released mainly from exocrine glands as liquids that evaporate into the 
surrounding air. The distance through which a pheromone may transmit a message is a 
function of the volatility of the compound, its chemical stability in air, the rate of diffusion, 
the olfactory efficiency of the receiver, and wind speed and direction (Fitzgerald & 
Underwood, 1998). In ants, trail longevity varies from minutes in Aphaenogaster albisetosus 
(Holldobler et al., 1995), to 2 h in M. lepineyi and M. bicolor (Mashaly et al., 2010), to 1 h in M. 
niloticum, M. mayri, and M. najrane (Mashaly, 2010), to 105 mins in P. longicornis and P. 
vividula (Mashaly et al., 2008), to 1 hr in M. meridionalis and M. foreli (Mashaly, 2011) and to 
several weeks in some Eciton species (Torgerson & Akre, 1970). Short-lived trails can rapidly 
modulate recruitment to ephemeral food sources, whereas long-lived trails will be more 
suited to persistent, or recurrent, food sources (Fitzgerald & Underwood, 1998). The activity 
of the optimal dose trail pheromone in P. sennaarensis decreased to half of the original 
activity level after approximately 30 min, and it completely disappeared after 1 h (Mashaly 
et al., 2011). 

2.5.3.4 Specificity of trail pheromones 

No matter which gland they use, the myrmicines investigated to date show a strong 
variability of intra- and intergeneric trail specificity, ranging from a total or a partial 
specificity to a complete anonymity of signals (Traniello & Robson, 1995). For example, odor 
trail pheromones are completely species-specific between T. caespitum Linne, 1758, and T. 
guineense Bernard, 1953, but the latter could follow trails of other myrmicine genera (Blum & 
Ross., 1965). Workers of C. scutellaris Olivier, 1792 follow the trails of C. laestrygon Emery, 
1869, but the latter always prefer their own trace (Gobin & Billen., 1994). A partial specificity 
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was also found within the genus Solenopsis Westwood, 1840, with some species following 
each other's artificial trails and others being highly selective in their response (Barlin et al., 
1976). Interspecific trail-following tests in three sympatric species, M. capitatus, M. minor and 
M. wasmanni, showed that workers of each species are able to recognize and follow artificial 
trails obtained from the Dufour's gland secretions of the others (Grasso et al., 2002). There is 
no species specificity among M. niloticum, M. najrane and M. mayri in their trail pheromones 
(Mashaly, 2010). Also, the response of the two Messor ants M. meridionalis and M. foreli to 
extracts of their trail pheromones, presented as a point source, is clearly non species-specific 
(Mashaly, 2011). P. sennaarensis and Tapinoma simrothi each respond to the trail pheromones 
of the other species, as well as their own (Mashaly et al., 2011). 

2.5.3.5 Trail pheromone structures 

Tumlinson et al. (1971) identified methyle, 4-methylepyrrole-2-carboxylate, a poison gland 
substance of A. texana. This compound was the first ant trail pheromone to be identified. The 
trail pheromone in A. sexdens arbropilosa Forel was identified as 3-ethyl-2,5- 
dimethylepyrazine and methyl 4-methylpyrrole-2-carboxylate (Cross et al., 1979). The same 
substance was identified as the pheromone in Acromyrmex octospinosus (Cross et al., 1982). 
However, 3-ethyl-2,5-dimethylpyrazine (EDMP) (B) was identified as the trail pheromone of 
A. sexdens rubropilosa (Cross et al., 1979) and Atta sexdens sexdens (Evershed & Morgan, 1983). 
Using older gas chromatographic techniques with packed columns, Evershed & Morgan 
(1983) showed only M4MPC was found in A. octospinosus but that both EDMP and M4MPC 
were present in workers of A. cephalotes, A. sexdens sexdens and A. sexdens rubropilosa, 
although the ratio differed considerably, with the compound that had been identified as the 
trail pheromone in that species being present in a much larger proportion. A ratio for 
EDMP:M4MPC of 14:1 was found for A. sexdens sexdens. 

M. pharaonis has been found to produce two trail substances from the poison gland, which 
were identified to be Monomorine I (3-butyl-5-methyl-octahydroindolyzine) and 
Monomorine III [2-(5-hexenyl) 5-pentylbyrrollidine] (Ritter et al., 1973). However, the true 
pheromone was identified as faranal [(3S, 4R)-(6E, 10Z)-3, 4, 7, ll-tetramethyl-6,10- 
tridecadienal], which was secreted from the Dufour's gland and was shown to be much 
more active than the monomorines (Ritter et al., 1980). M. niloticum and M. najrane both 
contain mixtures of alkyl- and alkenyl-pyrrolidines and -pyrrolines in their venom glands, 
but no Dufour gland volatile compounds have been detected. M. mayri showed neither 
Dufour gland compounds nor venom components detectable by gas chromatography 
(Mashaly et al., 2010). 

The trail pheromone of T. caaspitum was found to be secreted from the poison gland and was 
identified as a mixture of 2,5-dimethylpyrazine and 3-ethyl-2,5-dimethylpyrazine (7:3). 
Morgan et al. (1990) stated that T. impurum Foerster used methyl-2-hydroxy-6- 
methylbenzoate (methyl 6-methyl salicylate) as a trail pheromone secreted from the poison 
gland. Morgan et al. (2004) identified (R)-2-dodecanol as the major component of the trail 
pheromone secreted from the tibial gland of the ant C. castanea. The major compounds in the 
poison gland of Pogonomyrmex vermiculatus were found to be the alkylpyrazines, 2,5- 
dimethylpyrazine, 2,3,5-trimethylpyrazine, and 3-ethyl-2,5-dimethylpyrazine. In behavioral 
bioassays, poison gland extracts and the mixture of pyrazines produced a trail pheromone 
effect (Torres-Contreras et al., 2007). 
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Ali et al. (2007) stated that four Old World species of Pheidole ants contain different mixtures 
of farnesene-type hydrocarbons in their poison apparatus, and the mixture is different 
between the minor and major workers within a species. The poison glands of minor workers 
of Ph. pallidula contain 3-ethyl-2,5-dimethylpyrazine. No pyrazine compounds were found 
in the major workers of Ph. pallidula or the minor workers of Ph. sinaitica. The poison glands 
of the major workers of Ph. sinaitica contained larger amounts of tetra-substituted pyrazines. 
No pyrazines were found in the poison reservoirs of the major or minor workers of Ph. 
teneriffana or Ph. megacephala. 

2.5.3.6 Trail pheromones and ant control 

Ant control often relies on contact insecticides that are used as barrier treatments (Klotz et al., 
2002). These chemical sprays provide only partial ant control because they kill or repel 
foragers but have little impact on the queens (Rust et al, 1996). Foragers constitute only a small 
fraction of the worker force and are quickly replaced by nest mates that reach maturity during 
the treatment period. Additionally, the degradation of these chemicals commonly occurs 
within 30 days of application, negating any residual effects (Rust et al, 1996) and increasing 
the need for reapplication. Granular treatments for ant control are commercially available for 
use in agricultural systems, especially nursery operations (Costa et al, 2001). Solid baits, 
typically targeting protein-feeding ants, have been somewhat successful (Tollerup et al, 2005). 
However, many pest species, including the Argentine ant, primarily forage for sugars (Klotz et 
al, 2002), which necessitates the development of liquid baits (Rust et al, 2004). For these 
reasons, more effective and environmentally sound ant control practices are needed for 
vineyards, especially for managers developing sustainable farming practices. 

Three Thai herbs, namely, tuba root (Derris elliptica Benth.), yam bean seeds ( Pachyrhizus 
erosus L.) and tea seed cake ( Camellia sp.), were found to be an efficient control against adult 
workers of the Pharaoh ant (M. pharaonis L.). The results showed that the tuba root extracts 
exhibited LC50 against adult workers at approximately 0.22 % w/v; yam bean seed extracts 
showed LC50 against adult workers of approximately 0.35 % w/v; and tea seed cake extracts 
showed LC50 against adult worker of approximately 0.55 % w/v after 24 hours of exposure 
(Tangchitphinitkan et al, 2007). 

In a study to develop a novel control method of the invasive Argentine ant Linepithema 
humile (Mayr). A year-long treatment of small areas (100 m 2 plots of urban house gardens) 
with synthetic trail pheromone, insecticidal bait or both was conducted. The ant population 
could be maintained at lower than or similar to the initial level only by combined treatment 
with synthetic trail pheromone and insecticidal bait. In fact, the ant population was nearly 
always lowest in the combination treatment plots. Throughout the study period, the ant 
population in the plots treated with either the synthetic trail pheromone or insecticidal bait 
remained similar to that of the no-treatment plots (Sunamura et al, 2011). 

3. Conclusion 

Trail-following investigations may improve our understanding of the chemical 
communication system employed by pest species. Except for sex pheromones, the use of 
pheromones in pest management has been largely unexplored. A high concentration of trail 
pheromone disrupts trail following and foraging in ants; therefore, synthetic trail 
pheromones could be a novel control agent for pest ants. 
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1. Introduction 

One of the most innovative approaches for controlling plant diseases is through the 
enhancement of the plant's own defence mechanisms (induced resistance), which would not 
involve the application of toxic compounds to plants. It has been well established for over 
100 years, that plants can defend themselves; however, in the last 20 years, a significant 
progress in our knowledge on plant immunity, has provided the understanding required to 
allow induced resistance to be used in practice. In this chapter we will discuss the 
bioactivity of chitosaccharides as pathogen associated molecular patterns and their 
potentiality in crop protection. 

2. General remarks on chitosaccharides structure and availability 

The fungal kingdom is extremely varied in species and reproductive structures; however, 
the shape and integrity of a microorganism is determined by the mechanical strength of its 
cell wall. This complex cellular structure performs a broad range of crucial roles during the 
interaction with the environment. Despite the fact that its composition varies noticeably 
between species, it is composed typically of glucan, mannan, proteins and chitin (Dhume et 
al, 1993). 

Chitin is a lineal polysaccharide composed of 2-acetamide-2-deoxy-D-glucopyranoside (N- 
acetyl-D-glucosamine) residues 6-(l-4) linked (Figure 1) that can be also found in insect 
exoskeletons and crustacean shells but not in plants. Chitosan is the name used for low 
acetyl substituted forms of chitin and consequently, is a linear heteropolysaccharide 
composed of 6-1,4-linked 2-amino-2-deoxy-D-glucopyranose (D-glucosamine) and N-acetyl- 
D-glucosamine in varying proportions (Figure 1). Chitosan is commercially produced by 
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alkaline deacetylation of chitin and also occurs naturally in some fungi but its occurrence is 
much less widespread than that of chitin. Interestingly, conversion of chitin to chitosan in 
surface-exposed cell wall of fungal infection structures growing in plant tissues has been 
reported (El Gueddari et al.,2002). 



Chitosan 



Fig. 1. Structure of chitin and chitosan molecules. Chitin is a 6-(l-4) polymer of N-acetyl-D- 
glucosamine and fully de-acetylated chitosan is a B-(l-4) polymer of D-glucosamine. In 
chitosan, some N-acetyl-D-glucosamine residues could appears and the ratio between both 
structural units is defined as degree of acetylation (DA). 


Chitin is estimated to be produced almost as much as cellulose. Crustacean shells, wastes 
from the processing marine food products, constitute the conventional and major current 
commercial source of chitin. Conversely, progress in the control of fungal fermentation 
processes to produce high quality chitin makes fungal mycelia an attractive alternative 
source. The total annual world production of purified chitin is estimated in 1600 tonnes. 
Japan and USA are the most important producers; however, chitin and chitosan are also 
manufactured in lower quantities in India, Italy, Poland, Brazil, Cuba, Ireland, Norway, 
Uruguay, Russia and Belgium. 

Chitosaccharides have been proven to have a wide variety of applications in the biomedical, 
pharmacological, agricultural and biotechnological industries. Therefore, recent studies on 
chitosan have attracted interest in converting it to more soluble chitooligosaccharides, which 
possess a number of interesting biological activities, such as antibacterial, antifungal and 
antitumor properties as well as immune enhancing effects on animal health. 


3. Chitosaccharides as inducers of plant defence responses 
3.1 Chitosaccharides in plant innate immunity 

Today, nobody is in doubt about the ability of plants to defend themselves against potential 
pathogens through a peculiar immune system (Iriti & Faoro, 2007). Consequently, 
considering the huge collection of potential phytopathogens surrounding, plant diseases can 
be seen as an exceptional event. 

The plant defense system is composed by a many-sided arrangement of passive and active 
responses. Some plant structures constitute material barriers hindering access of the 
pathogen; prevent free nutrient movement and therefore helping to retain away 
the pathogen. The outer surfaces of plants have waxy cuticles and preformed 
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antimicrobials to avoid potentially infectious invaders access. Furthermore, the plant cell 
walls provide a major second barrier to any invaders who gains access to inner spaces (da 
Cunha et al., 2006). 

The cell wall performs many of the most important functions of the cell. It provides the 
protoplast, or living cells, with mechanical protection and a chemically buffered 
environment. The cell wall allows for the circulation and distribution of water, minerals, and 
other small nutrient molecules inside and outside of the cell. It provides rigid building 
blocks from which stable structures such as leaves and stems can be produced. The cell 
walls are composed of polysaccharides, smaller proportions of glycoprotein and, in some 
specialized cell-types, various non-carbohydrate substances such as lignin, suberin, cutin, 
cutan or silica. Wall polysaccharides fall into three categories: pectins, hemicelluloses and 
cellulose (Fry, 2004). Pectins and hemicelluloses are components of the wall "matrix", within 
which are embedded the skeletal, cellulosic micro-fibrils. 

These polysaccharides are cross-linked by both ionic and covalent bonds into a network that 
resists physical penetration. Perhaps, this is one reason why, early in the interaction, 
microbial pathogens excrete cell wall degrading enzymes (CWDE) in the apoplast to 
degrade this first barrier and to allow plant penetration and colonization (Figure 2). The 
degradation of the plant cell wall polysaccharides by the CWDE provides microbes with 
nutrients, but also releases oligosaccharides functioning as molecular signals in the 
regulation of growth, development and defense responses. In this sense, the plant cell wall 
could also be considered as storage site for regulatory molecules (Fry, 2004). 



Fig. 2. Chitosaccharides are involved in different aspects related to plant innate immunity. 
Chitin is a major component of fungal cell wall, serving as a fibrous reinforcement 
constituent responsible for cell wall rigidity. Consequently, fungal cell wall chitin is a major 
target of defensives plant chitinases, and resulting partially degraded chitin structures 
(chitin and chitosan oligosaccharides) are PAMPs, which trigger plant immunity (PAMP- 
triggered immunity) responses. 
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A germ that overcomes these physical obstacles (passive defenses) is susceptible to 
molecular recognition by plant cells. During the evolution, plants have been provided with 
sophisticated defensive strategies to "perceive" these pathogens, and to transform that 
"perception" into a suitable resistance (active defenses). 

Plant cells are able to recognize and respond to pathogens autonomously (Zipfel, 2008). In 
addition, systemic signaling can be triggered to prepare other tissue in the vicinity for 
imminent attack. Initially, microbes can be detected via perception of pathogen associated 
molecular patterns (PAMPs) by pattern-recognition receptors (PRRs) located on the plant 
cell surface. 

PAMPs are conserved, indispensable molecules that are characteristic of a whole class of 
microbes and therefore are difficult to mutate or delete (Shibuya and Minami, 2001). They are 
also referred to as microbe associated molecular patterns (MAMPs), as they are not restricted 
to pathogenic microbes. This first level of recognition is referred to as PAMP-triggered 
immunity (PTI). Intracellular responses associated with PTI include rapid ion fluxes across the 
plasma membrane, MAP kinase activation, production of reactive-oxygen species, rapid 
changes in gene expression and cell wall reinforcement (Chisholm et al., 2006). 

Many PAMPs fulfill a critical function to the lifestyle of the organism or for penetration and 
invasion of a host cell and are therefore broadly conserved among diverse microbial 
pathogens, and are not normally present in the host (Krzeminski et al., 2006). These include 
lipopolysaccharides of Gram-negative bacteria, peptidoglycans from Gram-positive bacteria, 
flagellin, protein subunit of the flagellum, glucans, and proteins derived from fungal cell 
walls (Nurnberger et al., 2004). 

Prominent PAMPs recognized by plant cells are chitin fragments released from fungal cell 
walls during pathogen attack, which in many plants elicit the plant defense response 
(oxidative burst, protein phosphorylation, transcriptional activation of defense-related 
genes, phytoalexin biosynthesis, etc (Shibuya and Minami, 2001). 

During decades, the eliciting of plant defense responses by chitosaccharides have been 
broadly studied in a great number of plant species or plant-pathogen interactions (for recent 
reviewing see Bautista-Banos et al., 2006; Yin et al., 2010; El Haldrami et al., 2010). Upon 
application, chitosaccharides behave as a PAMP, meaning that they are recognized as a 
general pathogenic pattern by plant cells and thereby provoking the activation of unspecific 
or basal resistance that causes a general protection to different plant pathogens. 

3.2 Perception of chitosaccharides by plant cell 

Plant cell receptors to chitin and chitosan have been extensively searched for two decades. 
For chitin oligosaccharides, a high-affinity binding site was found in a microsomal plasma 
membrane preparation from suspension cells of several plant species as rice (Shibuya et al., 
1996), tomato (Baureithel et al., 1994), soybean (Day et al., 2001), wheat, barley and carrots 
(Okada et al., 2002) by using the techniques of photo-affinity labelling and protein- 
carbohydrate affinity cross-linking. 

Later on, the chitin rice cell receptor was purified and characterized as a glycoprotein of 328 
aminoacids residues linked to glycan chains (Kaku et al., 2006). The function of this rice 
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membrane receptor as the chitin perception to unchain the defence signal transduction in 
rice was confirmed by suppression experiments of the elicitor-induced oxidative burst as 
well as the gene responses (Kaku et al., 2006). Moreover, by monitoring the production of 
reactive oxygen species and the expression of early-responsive genes in protoplasts, treated 
with chitin oligosaccharides and including inhibitors of signal transduction it was 
demonstrated that rice protoplasts conserve the machinery for the recognition of, and the 
initial defense signaling activation by chitosaccharides (Nishimura et al., 2001). Altogether 
support the induction of plant resistance starting from a chitin perception in plant cell 
membrane. Interestingly, structural studies of the rice glycoprotein receptor showed that 
this membrane protein bears two LysM motifs in the extracellular portion of the protein. 

Recently, a LysM receptor-like kinase (RLK 1) was detected in Arabidopsis. The authors 
demonstrated its critical role in chitin-induced resistance since a mutation in RLK 1 blocked 
the induction of oligochitin responsive genes and caused enhanced plant susceptibility to 
fungal pathogens (Wan et al., 2008).The identified chitin-binding proteins, apparently, do 
not have specific binding interaction with oligochitosan. So, the acetyl groups have a role in 
this protein-carbohydrate interaction. Several authors speculated that chitosan derivatives 
are perceived by plant cell as result of their interaction with pectic homogalacturonan in the 
plant cell wall (Cabrera et al. 2010) and membrane negative charges, as for instance, those of 
the phospholipids exposed to the apoplast (Kauss et al., 1989). 

The disruption of Ca 2+ induced association of pectin molecules (pectic egg boxes) by 
degradation products of fungal chitosan would be perceived and interpreted by plant cells 
as a distress signal commanding the defense responses (Cabrera et al. 2010). This is also in 
agreement with an earlier report in which chitosan is shown to displace calcium ions from 
isolated cell walls of Glycine max suspension cultures (Young & Kauss, 1983). Deacetylated 
chitosans but not chitin are present on the surface of the cell walls of fungal infection 
structures growing in planta after pathogens such as Puccinia graminis, Uromyces fabae or 
Colletotrichwn lindemuthianum have invaded their hosts (El Gueddari et al., 2002). 
Colletotrichutn lagenarium (Siegrist & Kauss, 1990) and Pusarium solani (Hadwiger & 
Beckman, 1980) start producing chitin deacetylase when they establish intimate contact with 
the tissue of their host plants. In Uromyces viciae-fabae, chitin deacetylase activity massively 
increases when the fungus starts to penetrate through the stomata (Deising & Siegrist, 1995). 
Once deacetylated, chitosan depolymerization can be carried out, at least in vitro, by a 
plethora of enzymes including lipases, glucanases, cellulases, hemicellulases and pectinases 
(Cabrera & Van Cutsem, 2005). 

Chitosan interaction with plant cell membrane can also occur by electrostatic interaction 
(Kauss et al., 1989). Distances between glucosamine units in chitosan polymers are at 0,52 
nm being a not rigid structure but a floppy conformation that allow to reduce this 
distance and to match glucosamine units with polar heads of phospholipids exposed to 
the outer membrane in an area of 0,4 to 0,6 nm 2 . Consequently, depending on the 
polymerization of the chitosan fragment and the distribution of the glucosamine 
monomers, there is going to be interactions at numerous membrane sites causing changes 
on membrane fluidity and ion flux alterations that could trigger the signal transduction 
cascade leading to plant resistance. 
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3.3 Plant signalling and defences induced by chitosaccharides 

Upon chitosaccharides perception, membrane depolarization constitutes the first 
macroscopic incident detected at seconds or a few minutes after recognition. The 
depolarization is the result of an alteration of ionic flux across the membrane (Shibuya & 
Minami, 2001). There is a transient influx to the cytosol of an elevate amount of Ca 2+ along 
with H + followed by the transient efflux of K + and Cl- in order to equilibrate charges in both 
sites of the membrane. This process provokes an alkalinization of the apoplast and an 
acidification of the cytoplasm (Table 1). 


Plant model 

Chitosan /rate 

Defense signal 

References 

Arabidopsis 
thaliana cell 
suspension 

Chitin and chitosan 

oligomers 

(100- 500 mg/L) 

H 2 O 2 accumulation. 

Cabrera et al., 
2006 

Brassica 

napus 

seedlings 

Oligochitosans at 50 
mg/ L 

Nitric oxide and H 2 O 2 
production in plant leaves 

Li et al., 2009 

Cocus 

nucifera calli 

Chitosan 

MAP-Kinase activation 

Lizama-Uc et 
al., 2007 

Mimosa 
pudica cell 
suspension 

Chitosan (10-100 mg/L) 

Membrane depolarization, 
extracellular alkalinisation 

Amborabe et 
al., 2008 

Rice cell 
suspension 

Chitosan of different 
molecular weight 
(5-1000 mg/L) 

H 2 O 2 accumulation. Best results 
found between 50-100 mg/L 

Lin et al., 2005 

Rice 

seedlings 

Chitosan MW (3000- 
30000) at 1000 mg/L 

Octadecanoid intermediates 
and jasmonic acid production 

Rakwal et al., 
2002 

Soybean cell 
suspension 

Chitosan 
(25-200 mg/ L) 

Increased cytosolic Ca 2+ 
concentration and accumulation 
of H 2 O 2 . Best results with 25 
mg/L 

Zuppini et al., 
2003 

Tobacco cell 
suspension 

Chitin and chitosan 
oligomers. 25 mg/L 

Increased cytosolic Ca 2+ 
concentration and Oxydative 
burst 

Kawano et al., 
1999 

Oligochitosans DP 3-9 
(25-100 mg/L) 

Nitric oxide and H 2 O 2 
production 

Zhao et al., 2007 

Tobacco 

plants 

Oligochitosans 

MAP-Kinase activation 

Yafei et al., 2010 


Table 1. Plant defence signalling activated by chitosaccharide derivatives 


Recently, Amborabe and coworkers (2008) demonstrated membrane depolarization and the 
rise of pH of culture media in Mimosa pudica cells elicited by chitosan. By using plasma 
membrane vesicles they detected an inhibition by chitosan on the proton pumping and in 
the catalytic activity of the H + ATPase enzyme at least 30 minutes after the elicitor treatment 
that disturb the H+ fluxes and in consequence it modified the membrane transport of 
nutrients (Amborabe et al., 2008). 
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Alkalinization of the extracellular site of the membrane causes activation of the NADH+ 
oxydase complex which is the main cause of the oxidative burst and ulterior formation of 
H 2 O 2 catalyze by several oxidative enzymes (Garria-Brugger et al., 2006). Several studies, 
mainly in cell suspensions, demonstrated a typical PAMP-activated oxidative burst after 
chitosaccharides treatments (Table 1), sometimes showing its relation with other signals as 
Ca 2+ and nitric oxide (Kawano et al., 1999; Zuppini et al., 2003; Zhao et al., 2007; Li et al., 
2009). For instance, Ca 2+ , a second messenger in defense reactions that enters in the 
cytoplasm upon PAMP activation, has been reported to accumulate H 2 O 2 previous to gene 
activation and cell death in soybean cells (Zuppini et al., 2003). 

Mitogen-activated protein kinases (MAPK) are one of the largest families of threonine 
kinases that transduce extracellular signals to inner responses in higher plants, including 
abiotic and biotic factors. Working with transgenic (oligochitosan induced protein kinase 
antisense gene) and wild type tobacco plants Yafei and coworkers (2010) demonstrated a 
tight relationship between oligochitosan induced MAPK activation and tobacco plant 
resistance against viral infection (TMV). When analyzing defense activation, these authors 
found a positive correlation between some oxidative enzymes activities and the 
oligochitosan induced MAPK. In addition, they demonstrated the up-regulation by this 
transduction protein of the PR-proteins mRNA transcripts (Yafei et al., 2010). Other 
secondary signals related to defense activation, as nitric oxide, salycilic acid, jasmonic acid 
and ethylene has also been directly or indirectly reported as activated after chitosaccharides 
treatments (Rakwal et al., 2002; Zhao et al., 2007; Iriti et al., 2010). 

Below we review several results of chitosaccharides induced defenses in different plant 
systems (Table 2). 

Callose and lignifications: Increments of appositions of (3 1-3 glucan (callose) at, or around, 
penetration sites and the deposition of phenolic (lignin-like) compounds over the entire wall 
of the infected cells constitute one of the early plant defense responses activated by 
chitosaccharides. Chitin and chitosan have been reported as inducers of both histological 
barriers in several plant species, but especially in monocots (Table 2). Chitin oligomers, 
chitosan polymers and chitosaccharide of different physico-chemical features (Vander et al., 
1998) are good inducers of lignin formation in wheat leaves (Barber et al., 1989). A high 
stimulation of phenolic acids synthesis and lignin precursors as ferulic, p-coumaric and 
sinapic acids were found to correlate to increasing of the oligochitosan concentrations 
(Bhaskara-Reddy et al., 1999). 

Chitosan also induce callose and lignin formation in tomato (Mandal & Mitra, 2007), parsley 
(Conrath et al., 1989) and beans (Faoro & Iriti, 2007). Using parleys cell suspension cultures, 
the persistence of the chitosan signal was established (Conrath et al., 1989). When cells 
previously elicited were subcultivated, less chitosan concentration was required to elicit 
callose synthesis. Chitosan-induced cell callose synthesis is enhanced by external 
concentrations of Ca 2+ probably by both, its action as a secondary defense messenger that 
enters the cell and also by stabilizing cell membranes (Kauss et al., 1989). 

Phytoalexins: Many studies established a correlation between phytoalexin accumulation and 
resistance to disease. Theses plant compounds, chemical and structurally diverse, are toxic 
towards a wide range of organisms, including bacteria, fungi, nematodes and higher animals, 
and even plant themselves (for reviewing see Garcion et al., 2007). Phytoalexin accumulations 
induced by chitosaccharides have been studied in several plant species (Table 2). 
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Plant model 

Chitosan /rate 

Defense response 

References 

Arabidopsis 
thaliana cell 
suspension 

Chitin and chitosan 
oligomers (5- 500 mg/L) 

PAL activity and cell death 

Cabrera et 
al, 2006 

Bean 

(P. vulgaris) 
plants 

Different MW chitosans 
(0.1-0.2 % ) 

Callose deposition. 
Correlation with antiviral 
activity. 

Faoro & 

Iriti, 2007 

Catharantus 
roseous cell 
suspension 
and protoplast 

Chitosans of different MW 
and DA and chitin 
oligomers 

(40-500 pg/ 300 mg of cells) 

Callose formation and 
accumulation 

Kauss et al., 
1989 

Cocos nucifera 
cell suspension 

Chitosan polymer 

Phenyl-propanoid 

derivatives 

Chakrabort 
y et al., 2008 

Cucumber 

plants 

Chitosan polymer 
(100, 400 pg/ L) 

Structural barriers, 
antifungal hydrolases 

El Gaouth 
et al., 1994 

Chitosan polymer and 
chitin oligomer sprayed at 
0.1% 

Peroxidase and chitosanase 

Ben-Shalom 
et al., 2003 

Grapevine 

plants 

Chitosan of 10% DA and 5 
Kda MW. Doses: 75-300 
mg/L 

Lipoxygenese, PAL and 
chitinase activities 

Trotel-Aziz 
et al., 2006 

Chitosan of different MW 
and DA (200 pg/ mL) 

Phytoalexyn, (3 1-3 
glucanase and chitinase 
activities 

Aziz et al., 
2006 

Parsley cell 
suspension 

Chitosans of different MW 
and DA 

Callose apossition and 
coumarin 

Conrath et 
al., 1989 

Pea plant pods 

Chitosan and chitosan 
oligomers (500-2000 pg/L) 

Pisatin (phytoalexin) in 
pods, being heptamer and 
octamer oligochitosans the 
best elicitors 

Kendra & 

Hadwiger, 

1984 

Hadwiger 
et al., 1994 

Potato tubers 

Chitosans of different MW 
(0,01-3000 pg/mL) 

Phytoalexin, P 1-3 
glucanase and chitinase 
activities 

Vasyukova 
et al., 2001 

Rice cell 
suspension 

Chitosan of different 
molecular weight 
(5-150 pg/mL) 

PAL and chitinase activity 
and transcripts of P-1,3 
glucanase, chitinase and 
accumulation of PR1. 

Lin et al., 
2005 

Rice seedlings 

Chitosan (1000 mg/L) 

PR proteins and 
phytoalexin accumulation 
in leaves 

Agrawal et 
al., 2002 

Chitosan and chitosan 
partially hydrolized 
(100-1000 mg/L) 

PAL, P 1-3 glucanase, 
chitinase and chitosanase 

Rodriguez 
et al., 2004; 
2006; 2007 

Ruta graveolens 
shoots 

Oligochitosan (0.1%) 

Coumarins synthesis 

Orlita et al., 
2008 
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Plant model 

Chitosan /rate 

Defense response 

References 

Soybean cell 
suspension 

Low MW chitosan 
(25-200 mg/L) 

Programme cell death and 
chalcone synthase 

Zuppini et 
al„ 2003 

Soybean 

seedlings 

Chitin and chitosan 
oligomers: tetramer, 
pentamer, hexamer 
(100 pmol/L) 

PAL and TAL activities 

Khan et ah, 
2003 

Taxus 

canadensis cell 
suspension 

Chitin oligomer, colloidal 
chitin and oligochitosan 
plus Methyl jasmonate. 

(0,05 and 80 mg/L) 

Paclitaxel (Phytoalexin) 

Linden & 
Phisalaphon 

g, 2000 

Tobacco cell 
suspension 

Oligochitosans 

Programme cell death 

Wang et ah, 
2008 

Oligochitosan mixture with 
DP of 3-9. (50 pg/mL) 

PAL activity 

Zhao et ah, 
2007 

Tobacco cell 
suspension and 
whole plants 

Chitosan (0,01-0,1%) 

Callose accumulation and 
cell death 

Iriti et al, 
2006 

Tobacco 

seedlings 

Oligochitosans 

PAL, peroxidase, POX, 
catalase and SOD 

Yin et al, 
2008 

Yafei et al., 
2009 

Chitosan of different DA, 
chitosan partially 
hydrolyzed and 
oligochitosans (0,1- 2,5 g/L) 

PAL, peroxidase and (3 1-3 
glucanase activities in roots 
and leaves 

Falcon- 
Rodriguez 
et al., 2008; 
2009 & 2011 

Tomato plants 

Oligochitosans 

Lignin, phenolic 
compounds and phenyl 
propanoids enzymes in 
roots 

Mandal & 
Mitra, 2007 

Chitosan oligosaccharides 

Proteinase-inhibitor and 
phytoalexin 

Walker- 

Simmon et 
al., 1984 

Oligochitosans 

Volatile secondary 
metabolites with antifungal 
activity 

Zhang & 
Chen, 2009 

Wheat plants 

Chitin and chitosan of 
different MW and DA 

Lignification 

Barber et 
al., 1989 

Oligochitosans 

Lignin-like and others 
phenolic compunds 

Bhaskara- 
Reddy et al., 
1999 

Chitosan of diferent DA, 
oligochitosans and 
oligochitins. (1-100 mg/L) 

PAL and peroxidase activity 
and lignin accumulation 

Vander et 
al., 1998 


Table 2. Plant defence responses induced by chitosaccharide derivatives 
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Chitosan oligomers (above hexamers) were the best pisatin (Pea phytoalexin) inducers in 
pea endocarp tissues, duplicating the eliciting activity showed by chitosan (Hadwiger et al., 
1994). The elicitation of coumarins has been reported in parsley cell suspensions (Conrath et 
al., 1989) and in Ruta graveolens shoots where, in addition, furanocoumarins and other 
alkaloids were also induced (Orlita et al., 2008). In experiments with wheat whole plants 
several phenylpropanoid intermediates with antimicrobial activity were stimulated in 
primary leaves (Bhaskara Reddy et al., 1999). In tomato plants, chitosan increase ferulic acid, 
4-hydroxybenzoic acid and 4-coumaric acid content in root cell walls (Mandal & Mitra, 
2007). Chitosan oligomers of different molecular weight and degree of acetylation triggered 
an accumulation of phytoalexins in grapevine leaves. Highest phytoalexin production was 
achieved in 48 h of incubation with chitosan at 200 pg/mL (Aziz et al., 2006). 

Besides phenylpropanoids, terpenoids also form a structural family encompassing many 
phytoalexins. Agrawal and coworkers (2002) evaluated the accumulation in rice seedlings 
leaves of Momilactone A, a typical diterpene of Oryza genre, when rice leaves were treated 
with 0,1% of chitosan polymer. Its induction was also accompanied by an increased of 
sakuranetin, another rice phytoalexin that belongs to the flavonone group (Agrawal et al., 
2002). Terpenoids activation by chitosan has been also reported in solanaceous. A former 
work showed sesquiterpenes induction by chitosan in tomato leaves (Walker-Simmon et al., 
1984). Moreover, in potato, the sesquiterpene phytoalexin Rishitin was induced in tuber 
discs previously treated with low molecular weight chitosans (Vasyukova et al., 2001). 
Additional reports showed activation of some other phytoalexin like compounds induced 
by chitosaccharides. Linden and Phisalaphong (2000) studied the interaction of methyl 
jasmonate with chitin and chitosan-derived oligosaccharides to stimulate paclitaxel (a taxan) 
production in the cell suspension system of Taxus Canadensis. 

Hypersensitive response: Plants often exhibit a form of programmed cell death, called the 
hypersensitive response (HR) following bacterial, viral or fungal challenge. The HR, 
which is also activated by several kinds of elicitors, is characterized by the rapid collapse 
and death of the plant cells in and around the site of attempted infection with deposition 
of chemical barriers, proteins and phytoalexyns that confine the pathogen to prevent 
spreading into healthy adjacent tissues. In soybean cells, Zuppini and co-workers (2003) 
demonstrated triggering of plant cell death, 24 hours after chitosan treatment. 
Oligochitosans caused tobacco cell death in a dose-dependent manner. About 40.6 % 
tobacco cells died when cultured for 72 h after 500 pg ml -1 oligochitosan treatment (Wang 
et al., 2008). Similarly, Cabrera and co-workers (2006) demonstrated that chitosan 
oligosaccharides, depending on their physic-chemical features and concentrations elicit 
cell death in Arabidopsis thaliana cell suspensions. 

Pathogenesis related proteins (PRs), recognized plant defenses against pathogens (van Loon et 
al., 2006), have been reported as elicited by chitosaccharides in many plant species, in most 
cases, in coordination to other key enzymes from the secondary metabolism as peroxidases, 
PAL and lipoxygenases (LOX) covering different plant families (Table 2). Phenylalanine 
ammonia-lyase (PAL; EC 4.3.1.5) enzymatic activity and its gene expression is likely one of 
the defense proteins more studied in response to these elicitors, since it is a key enzyme in 
the phenylpropanoid pathway and it is also involved in the synthesis of salicylic acid a key 
signal in plant resistance against pathogens (Way et al., 2002; Ogawa et al., 2006). In this 
sense, several authors informed PAL activation by chitosan polymers, partially hydrolyzed 
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chitosan (Falcon et al, 2008) and oligochitosans (Khan et al, 2003) in a variety of plant 
systems as cell suspensions (Lin et al, 2005; Cabrera et al, 2006; Zhao et al, 2007), plant 
organs elicited (Vander et al., 1998; Trotel-Aziz et al., 2006) and roots and leaves of whole 
plants (Mandal & Mitra, 2007; Falcon et al., 2009; 2011). In several reports the role of PAL 
induced by chitosaccharides as cardinal protecting factor against pathogens has been stated 
in different plant-pathogen systems (Chen et al., 2005; Yafei et al., 2009; Falcon et al., 2011). 

Concerning chitosan dose responses of PAL enzymatic activity, it depends on plant sample 
system treated; working with cell suspensions the highest PAL activity required about 0.1 
mg.mL- 1 of high oligochitosan molecular weight mixture in Arabidopsis thaliana cells 
(Cabrera et al., 2006), while directly treating plant organs as grapevine leaves and tobacco 
roots the dose requirements were between 75-250 mg.L- 1 (depending on time course) for 
PAL activity in leaves treated with low molecular weight chitosan (Trotel-Aziz et al., 2006) 
and 100 mg.L- 1 to achieve the highest activity in roots directly treated with a DP 5-9 of 
oligochitosan mixture (Falcon et al., 2009). Moreover, when using a foliar spray of whole 
plants the best results detected in rice leaves for this enzyme activity required 500 mg.L- 1 of 
chitosan hydrolysate elicitor (Rodriguez et al., 2007) and 1000 mg.L- 1 of the DP 5-9 
oligochitosan mixture in tobacco leaves (Falcon et al., 2011). 

P 1-3 glucanase (EC 3.2.1.39) and chitinase (EC 3.2.1.14) catalyze the degradation of p 1-3 
glucan and chitin polymers, majors cell wall components of many pathogens (Arlorio et al., 
1992). Chitosaccharides also induce these PR proteins in inoculated and non inoculated 
monocots and dicots plants, and in different plant biological systems (Table 2). Rodriguez 
and coworkers evaluated in separate trials the induction PAL, p 1-3 glucanase, chitinase and 
chitosanase in leaves of rice plants previously treated, by seed immersion before planting, 
with a chitosan polymer and with a hydrolysate obtained from the same chitosan polymer 
in non inoculated plants (Rodriguez et al., 2004; 2006) and also in inoculated (Pyricularia 
grisea) plants (Rodriguez et al., 2007). It was observed significant increments above the 
control in all enzymes tested in leaves of non inoculated plants at 18, 25, 32 and 39 days after 
seed germination (Rodriguez et al., 2004; 2006). The highest increments in the four 
enzymatic activities required 1000 mg.L- 1 of the chitosan polymer (Rodriguez et al., 2004), 
while the requirements for maximal activities in plants treated with the hydrolysate were 
lower (Rodriguez et al., 2006). For both elicitors and in all enzymes tested, activities were 
increased 2-3 times above control depending on each enzyme and the evaluated moment. It 
means that chitosan seeds immersion can cause high increments of defense responses in non 
inoculated plants several weeks after treatment. In a different trial, the same authors 
comparatively evaluated the eliciting of the above studied enzymes in P. grisea inoculated 
rice plants and monitoring enzymatic activities at 1, 3, 5 and 7 days after inoculation 
(Rodriguez et al., 2007). As in the former reports, the chitosan polymer caused 2-3 times 
increments above control activity in the four enzymes tested and similar results were found 
with the hydrolysate in all the enzymes, except for PAL activity that increased 3-4 times 
above the level of control at 72 hours with all three concentrations tested. This result was 
consistent with the infection degree found at seven days in rice plants, where all 
concentration of the hydrolysate clearly protected the plants against the infection, while 
only the two highest concentration of the polymer significantly reduced plant infection 
(Rodriguez et al., 2007). 
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Activation by chitosaccharides of defensive enzymes has also been reported in dicots 
(Trotel-Aziz et al., 2006; Falcon et al., 2009). By applying different oligochitosan 
concentrations (75-300 mg.L' 1 ) through the petiole of grapevine leaves it was shown high 
increments of LOX, PAL and chitinase activities in the leaves directly applied (Trotel-Aziz et 
al, 2006). The best induced protection against Botrytis cinerea occurred with lowest chitosan 
concentration evaluated (Trotel-Aziz et al., 2006). Working with whole tobacco plants Falcon 
and coworkers (2011) also demonstrated defensive enzymes activation in non inoculated 
plantlets. They showed that foliar spray of chitosan polymers and oligochitosans caused 
activation of p 1-3 glucanase, PAL and peroxidase activities in tobacco leaves. Depending on 
dose and type of chitosan tested, it was observed increments of 2-3 times above the control 
for p 1-3 glucanase activity, while for PAL ranged between 2 and 10 times and for 
peroxidase ranged between 4 and 10 times. Ulterior infection assays performed against 
Phytophthora nicotianae showed a significant relation between the plant protections achieved 
and the PAL and p 1-3 glucanase activities detected (Falcon et al, 2011). 

3.4 Influence of chitosaccharides physico-chemical properties on their bioactivity 

Since the biological activities of chitosaccharides have often been determined using 
heterogeneous and/or uncharacterised oligosaccharide or polymer mixtures, the size and 
structure requirements for oligochitins and chitosan oligomers to have a biological activity 
are difficult to ascertain. Additionally, structure-bioactivity relationships depend on the 
experimental systems (Shibuya and Minami 2001). The oligosaccharides generally must 
have a DP>4 to induce a biological response, but beyond that requirement, it is not possible 
to generalise about structural features essential for their biological activity (Cote and Hahn 
1994). The concentrations of oligosaccharides that are effective in plant bioassays seem also 
to be different for both elicitors and dependent on the plant model used. The concentrations 
of chitosan derived oligosaccharides required to trigger defence responses are usually much 
higher than those necessary for chitin oligosaccharides to elicit similar defence responses 
(Yamaguchi et al. 2000). 

Different chitosan MW caused a differential activation of H 2 O 2 in plant cell. Lin and co¬ 
workers (2005) demonstrated that reduction of polymeric chitosan MW (50 kDa) to 
oligomeric structures (1.3 and 2.7 kDa) benefited the production of H 2 O 2 in the cell. 
However, in arabidopsis cells, chitosan oligomers with higher MW caused the maximum 
increment of H 2 O 2 production (Cabrera et al., 2006). In addition, the DA of chitosan 
oligomers also affected H 2 O 2 accumulation in the same biological system. As lower was de 
N-acetylation, as higher was the H 2 O 2 production, being the oligochitosans with 0% 
acetylation the best elicitors for H 2 O 2 induction (Cabrera et al., 2006). 

High molecular weight chitosan induces more callose formation in cell suspensions and 
protoplast of Catharanthus roseus than chitosan oligomers (Kauss et al., 1989). When 
analysing the effect of the N-acetylation in comparables molecular weight (MW) chitosans, it 
was found that a partially N-acetylated chitosan was less effective to elicit callose synthesis 
than a 0% acetylated chitosan; so, it means that in this biological system callose formation is 
favoured with high MW and non acetylated chitosans (Kauss et al., 1989). These results 
were also corroborated by Faoro & Iriti (2007) in leaves fragment of Phaseolus vulgaris treated 
by floating in solutions chitosan. They observed that chitosan of medium MW (76, 120 and 
139 kDa) caused higher callose deposition than those of low MW (6 and 22 kDa). In 
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addition, they found that the highest MW (322 and 753 kDa) chitosan tested did not caused 
callose deposition, probably because of these polymers scarcely penetrated into the leaf and 
as a consequence there was not direct interaction between polymers and leaf cells 
membranes (Faoro & Iriti, 2007). 

Oligochitosans were better elicitors of pisatin phytoalexin in pea pods than chitosan 
polymer (Kendra and Hadwiger, 1984; Hadwiger et ah, 1994). This behaviour was 
corroborate in grapevine leaves where it was showed that the oligochitosans of lowest MW 
(1.5 kDa) induced higher levels of phytoalexins than higher MW (3 and 10 kDa) 
oligochitosan. In this work, the influence of degree of acetylation (DA) was also evaluated. 
Intermediate DA tested (20%) caused higher increments of the three phytoalexins evaluated 
than other ones of lower (2 and 10%) and higher (30%) DA (Aziz et al., 2006). 

The chitosan MW and DA, also affect the activation of enzymes and defence proteins. 
Rodriguez and co-workers (2007) demonstrated that lower MW caused higher increments of 
defence enzymes activities in leaves of rice plants previously treated by seed immersion with 
chitosan polymer and its hydrolysate. The polymer induced 2 times above controls PAL, 
chitinase and chitosanase enzymatic activity, while the hydrolysate did it 7 times for PAL and 
3 times for chitinase and chitosanase. These differences observed in enzymatic activity, also 
provoked, a better plant protection of rice plants against Pyricularia grisea (Rodriguez et al, 
2007). It demonstrated the chitosan MW influence in a long-lasting induced resistance. The 
best efficiency with lower MW chitosans on the activation of induced resistance in whole 
plants was corroborated in tobacco treated by foliar spray. p-l,3-glucanase activity in tobacco 
leaves required 10 times higher polymer concentration than oligochitosan mixture to induce 
the highest activity detected above control and this enzyme was significant related to the plant 
protection found against the infection with Phytophthora nicotianae (Falcon et al., 2011). 

Different DA also caused differences in enzyme activation. Vander and co-workers (1998), 
working with directly treated wheat leaves, demonstrated that as increasing the DA until 
intermediate values it was increased the PAL and peroxidase activity in this organ. Similar 
behaviour for PAL activity was found in roots and leaves of tobacco plants directly applied 
by root immersion and foliar spray, respectively. Conversely, POD activity was benefited by 
the less acetylated polymer for both organs and application forms (Falcon et al., 2009 & 
2011). In addition, the influence of the DA in plants applied by root immersion was detected 
in both roots and leaves for the peroxidase enzymatic activity, indicating that the effect of 
the DA was systemically transmitted to the leaves (Falcon et al., 2009). From all before 
described it is clear that MW and DA are important structural parameters that affect 
biological responses of plant resistance against pathogens, as a consequence, they must be 
taken into account for a practical approach to develop chitosaccharides as natural pesticides. 

4. Antimicrobial activity of chitosaccharides 

This section is going to focus on antimicrobial properties of chitosaccharides, how this 
molecule can affect the microbial cells, the relation of the macromolecule structure and the 
antimicrobial activity and its action mode; in a few words, how it works. 

Chitosan exhibits high antimicrobial activity against a wide variety of microorganisms. An 
antimicrobial is defined as a substance that kills or inhibits the growth of microorganisms 
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such as bacteria, fungi, or protozoan (Andrews 2001). The most widely known type of 
antimicrobial are antibiotics but there is currently growing concern about them because 
bacteria are becoming resistant. This leads to a demand for effective antimicrobial agents 
that are less prone to stimulate the development of resistance such as chitosan. Chitosan has 
been proven able to control different plant pathogenic microorganisms (pre and post 
harvest disease) on different cultures (Bautista-Banos, et al. 2006). 

Although the exact mechanism of the antimicrobial effect is still unknown, several 
hypothesis have been formulated and chitosan's action is believed to act at different levels 
depending on circumstances. The presence of a polycationic structure is the main reason of 
the antibacterial effect of chitosan below pH 6. Below its pKa (6,3-6,5), the amino group (C2 
of chitosan glucosamine) is positively charged. This charge is capable to interact with the 
negatively charged components at the surface of the bacterial cell walls. This binding or 
interaction leads to a rupture or leakage of proteins and intracellular constituents of the 
microorganism in the medium (Shahidi, et al. 1999). In a way the more the positive charge 
density is important along the polymeric chain, the more the antimicrobial properties of 
chitosan will be important. The charge density is also associated with the DA of the 
molecule (explained above), as the number of amino groups linked on the chitosan structure 
impacts the electrostatic interactions. A high amount of amino groups therefore enhance the 
antimicrobial activity. 

When the pH is above the pKa, there is still an antimicrobial effect but the later can no more 
be explained by electrostatic effect. In those conditions the antimicrobial effect of chitosan 
only relies on its chelating and hydrophobic capacities that work beyond any pH limit. 
When using native chitosan, lacking hydrophobic capacities, its antimicrobial effect above 
pH 6 is therefore principally due to its chelating capacity. Chitosan also has high chelating 
potential. It can bond to a lot of metal ions (as Ni2+, Zn2+, Co2+, Fe2+, Mg2+ and Cu2+), 
reason of its use in industry in the recovery of several metal ions (Kurita 1998). Those 
metallic ions are vital for the stability of the microbial cell wall, the chelation of those ions in 
acidic but also, in neutral conditions account for a part of the antimicrobial potential of 
chitosan. This action as a chelating agent that selectively binds trace metals is the reason of 
the inhibition of the production of certain toxin and microbial growth (Cuero, et al. 1991). 

The physical state of chitosan and its Mw are also of great importance in its action mode. 
This is mainly due to the poor solubility of chitosan. For instance it has been reported that 
the use of a low molecular weight (LMw) water soluble chitosan or nanoparticles that can 
penetrate the microbial cell wall, exhibit another form of antimicrobial activity, as they 
combine to DNA and inhibit mRNA synthesis and DNA transcription (Hadwiger, et al. 
1986; Ignatova, et al. 2006; Qi, et al. 2004). 

4.1 Factors influencing antimicrobial efficiency 

Despite inherent properties of chitosaccharides molecules, the antimicrobial activity is also 
depending on others factors such as type of microorganisms, environmental conditions and 
physical states of chitosaccharides. 

Microorganisms: Although an inhibitory effect of chitosan has been reported on viruses and 
viroids (Pospieszny 1997), the majority of the literature is focused on fungi and bacteria. 
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Bacteria are not the biggest pathogens of plants but really are the most studied type of 
microorganisms. In fact, most bacteria associated with plants are generally saprotrophic, and 
do no harm the plant itself. Only a small number of bacteria such as Agrobacterium tumefadens, 
Pantoea stewartii, Erwinia carotovora, Ralstonia solanacearum, Pseudomonas syringae, Pseudomonas 
aeruginosa, or Xanthomonas campestris are able to cause plant diseases. In order to be able to 
colonize the plant, bacteria have specific pathogenicity factors, which include the production 
of toxins, extracellular polysaccharides, degradative enzymes, effector protein or the secretion 
of phytohormones. The production of those pathogenicity factors are controlled within the 
bacterial population via quorum sensing (Von Bodman, et al. 2003). 

Although chitosan is a wide spectrum antimicrobial, it exhibits different efficiencies against 
different types of microorganisms. In this field, contradictory results have been reported. 
For instance, (Chung, et al. 2004; No, et al. 2002) have reported more bactericidal effects 
against Gram-positive than on Gram-negative bacteria (in the presence of 0.1% chitosan), 
while (Zhong, et al. 2008) have reported that Gram-negative bacteria where more sensitive 
to chitosan than Gram-positive bacteria. Other authors have reported that there were no 
obvious differences observed between gram positive and gram negative bacteria (Wang, et 
al. 2004). Two points on which authors appear to all be in agreement is that fungi are more 
sensitive to chitosan's action than bacteria. Secondly, that the theoretical mode of action 
seems indeed to be different between Gram-positive and Gram-negative bacteria. 

One other point influencing the antimicrobial activity is the age of the cells. Tsai and Su 
(1999) suggested that the differences of electronic negativity of cell surface vary with the 
phase of growth leadings to differences in sensitivity towards chitosan. Surface of 
microorganisms varying from species to species, this explains differences in results, for 
example, S. aureus CCRC 12657 was found to be more susceptible to chitosan in late 
exponential phase (Chen & Chou 2005); but E. coli 0157:H7, on the contrary, was found to 
be the most sensitive to chitosan action in its mid-exponential phase (Yang, et al. 2007). 

Fungi or molds are parasite on all types of eukaryotic organisms and plants are no exception. 
Using fungicides can help to control a lot of fungal diseases, but strains often evolve and 
resistance appears making the use of fungicides inappropriate (reason why the use of 
chistosan can be a new sustainable solution). The fungicidal activity of chitosan has also been 
documented. The mecanism of chitosan's action on fungi is believed to be similar to the action 
on bacteria: amino groups interact with macromolecule's negative charges at the surface of the 
fungal cell wall (Leuba & Stossel 1986). Other mechanisms of lower importance similar to 
those presented for the bacteria are also discussed in the literature (interaction with microbial 
DMN and chelation of metals). In addition, it has been shown that chitosan also has an 
inhibition effect on several fungal enzymes which slows their growth (El Ghaouth, et al. 1992). 

Like for bacteria, the inhibition is dependant on the strain of fungi, the type and the 
concentration of chitosan used (Benhamou 1992). On the other hand, some fungi such as 
Rhizopus nigricans (bread mold), have been reported to be unaffected by chitosan (El 
Ghaouth, et al. 1992). Chitosan is able to alter the fungal cells. Fungal morphological 
changes (cells disorganisation, thinner hyphae (Benhamou 1996; Arlorio, et al. 1992), 
excessive mycelial branching, hyphal swelling or abnormal shapes (Benhamou 1992; Cheah, 
et al. 1997) have been observed. Cells exposed to chitosan look like cells displaying signs of 
nutriment depravation (Barka, et al. 2004). 
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Fungal sporulation is lower or completely inhibited when fungi are in contact with chitosan. 
In some cases however, the opposite effect have been reported as well. For instance chitosan 
is reported to stimulate sporulation on Penicillium digitatum (postharvest fungal disease of 
citrus, green mold) (Bautista-Banos et Hernandez-Lopez 2004) but this might only be a stress 
response due to the presence of the antimicrobial. The long term effect of chitosan on spore 
viability has also been proved on Puccinia arachidis (peanut rust) (Sathiyabama et 
Balasubramanian 1998). 

Physical state: The antimicrobial reaction, as explained, takes place between the cell wall of 
the microorganism and the chitosan molecule. The physical state of the later is then highly 
relevant for the efficacy of the microbial effect. 

Chitosan in solution is more effective in inhibiting bacterial growth. This is explained by the 
fact that in this dissociated form, enables a reaction with the counter-parts to a sufficient 
degree, enabling the full potential of the molecule (Phaechamud 2008). The Mw and DA of 
chitosan play an important role as improving solubility can be done by reducing Mw or 
controlling deacetylation. Last but not least, pH is another important parameter. Firstly pH 
acts directly its solubility. Secondly, the antimicrobial activity of chitosan is only exhibited 
when pH is below its pKa (protonation) when the molecule is dissociated as ion (as 
explained above). Totally dry samples are incapable of inhibiting the growth of 
microorganisms because they cannot release their energy stored in chemical bond to initiate 
interaction. In solid state, chitosan can then only react when in contact with solution, 
therefore at the surface of the material. 

Environmental conditions: (Lim & Hudson 2004) rightly stipulated that the antimicrobial 
activity of chitosan is dependent of the environmental pH. Chitosan has its microbial 
inhibition activity reducing as pH increases. This is due to two factors, the presence of a 
majority of uncharged amino groups from pH 7 and onwards and its poor solubility in non- 
acidic environment (Aiedeh & Taha 2001; Papineau, et al. 1991; Sudarshan, et al. 1992). 

The modification of the ionic strength of the medium can impact on the antimicrobial 
activity in two ways. By increasing the presence of divalent metallic cations, the chelatant 
power of chitosan is reduced, this leading to a reduced antimicrobial activity (Kong, et al. 
2008).Thus, the cations in the medium interact competitively with the negative components 
of the microbial membrane therefore also reducing the antimicrobial activity of chitosan. 
(Xing, et al. 2009) also demonstrated that the addition of anions also, in their experiment 
phospate groups, decreased the antimicrobial activity. 

The temperature also plays an important role in the antimicrobial effect on E. coli. (Tsai & 
Su, 1999). At low temperature, such as 4°C, the cell wall structures of the microorganisms 
are impacted in a way that the number of potential binding sites for chitosan is decreased 
consequently lowering the antimicrobial effect of chitosan. 

5. Chitosaccharides in crop protection 

On spite of chitosaccharides research studies, as inhibitor of microbial development and 
plant defence inducer, have been broadly performed during the last 3 decades, most of them 
have investigated the basic insights concerning the effects and action mode of these 
compounds on plants and microorganisms (Vander et al., 1998; Xu et al., 2007) while 
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practical approaches have been much less reported. This could be related with the fact that 
trials to evaluated protective efficacy of chitosaccharides against pathogenic diseases are 
difficult to do. In addition, as several chitosaccharides have been reported as growth and 
yield enhancers (Boonlertnirun et al., 2008; Abdel-Mawgoud et al., 2010), most of studies out 
of labs and controlled conditions evaluated their capabilities to improve crops while 
monitoring the control of natural pathogen incidence. In this sense, the influence of 
chitosaccharides used to control plant pathogens, being in control or uncontrolled trials, 
depends on the pathosystem, the type of used derivative, concentration and formulation. 

Crop protection by applying chitosaccharides have been extensively reported worldwide 
against diverse pathogens including virus, fungi, oomycetes and bacteria (Rodriguez et al., 
2007; El Haldrami et al., 2010; Falcon et al., 2011). Viral infections cannot be controlled by 
chemicals; however, several reports demonstrated reduction of virus in inoculated plants 
previously treated with chitosaccharides. Chitosan inhibited potato spindle tuber viroid 
infection when added to the inoculum and when sprayed into the leaves of tomato plants 
prior to viroid inoculation. Chitosan was also effective when sprayed into viroid inoculated 
leaves not later than 1-3 h after inoculation (Popieskny, 1997). In addition, the degradation 
of chitosan polymer affect the antiviral activity depending on the pathosystem tested. Using 
doses between 0.01 and 0.25%, a partially degraded chitosan highly reduced the % of TMV 
infection in tobacco leaves respect to the original polymer; while conversely, polymer was 
more effective than its partially degraded derivative to reduce the % of infection in bean by 
alfalfa mosaic virus (Struszczyk et al., 1999). 

Correlation between defenses responses and antiviral activity has been detected. In bean 
plants inoculated with Tobacco necrosis virus (TNV), the efficacy of the antiviroid activity of 
chitosans positively correlated with their ability in inducing callose apposition (Faoro & Iriti, 
2007). The same authors working with a tobacco-TNV pathosystem demonstrated antiviral 
resistance in plants previously treated with 0.1% chitosan. The resistance induced was 
associated with callose deposition, micro-oxidative burst and micro-hypersensitive response 
(Iriti et al., 2006). Moreover, an oligochitosan mixture sprayed in tobacco plants caused 
antiviral activity against tobacco mosaic virus and this resistance was related to nitric oxide 
production and increments in PAL enzymatic activity (Zhao et al., 2007). 

Among pathogens, fungi cause the most destructive diseases and the highest losses in 
agriculture. Most plant protection by using chitosaccharides have been reported against this 
group of pathogens. In monocots, several results showed chitosan potentialities to protect 
against fungal diseases; Lin and coworkers (2005) observed a differentiate protective 
behavior when rice seedlings, inoculated with Pyricularia grisea, were previously treated by 
chitosans of different MW and favoring the lowest MW chitosan tested. In the same 
pathosystem, similar results were obtained by using polymeric and oligomeric chitosans 
applied by seed immersion before planting and testing plant infection in 25 and 32 days old 
plant seedlings. It demonstrated rice plant protection by lasting induced resistance 
(Rodriguez et al., 2007). Comparison of the effect of different mode of chitosan applications 
in plant protection were studied using a commercial chitosan product (Elexa) in another 
pathosystem with monocot specie. Seed treatment, foliar spray and the combination of both 
were tested for control of downy mildew caused by Sclerospora graminicola in Pearl millet 
and at greenhouse and field conditions (Sharathchandra et al., 2004). Under greenhouse 
conditions seed treatment offered 48% protection while maximum protection of 67% was 
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recorded with foliar spray to 2-day-old seedlings. However, the combination of both 
methods allowed achieving 71% protection. At field conditions foliar spray and the 
combination of both methods showed the best results to reduce disease incidence and 
severity. An additional benefit of increase in plant height and yield was obtained at 
greenhouses experiments (Sharathchandra et al., 2004). 

An important number of reports showed chitosaccharides protection of dicot crops against 
fungal pathogens (for reviewing see Bautista-Banos et al, 2006; El Haldrami et ah, 2010). 
Many studies have been developed under controlled bioassays. In this sense, Trotel-Aziz 
and coworkers (2006) demonstrated protection on grapevine against Botrystis cinerea 
working with detached leaves incubated with chitosan oligomers and subsequently 
inoculated with the pathogen. Similar method of floating leaves in chitosan solutions or 
leaves spraying before inoculation were performed to demonstrated chitosan protection 
against B. cinerea and Plasmopara viticola in grapevine and synergistic activity with copper 
sulfate (Aziz et al, 2006). Dose responses in chitosan plant protection depend on biological 
target applied. While plant organs require lower doses than whole plants, in general, doses 
are between hundreds and thousands of mg per liter (Aziz et al., 2006; Falcon et al., 2011). 

As before explained, the action mode of chitosaccharides is through direct inhibition of 
pathogen development or by activation of plant induced resistance. Depending on the mode 
of chitosan application and the type of pathogen (being aerial or soilborne pathogen) one or 
both action way takes place in plant protection. For instance, mostly against aerial 
pathogens, those penetrate plants through the leaves; both mechanisms take place when 
chitosaccharides are applied by spraying. There are several reports for this action way 
(Sathiyabama & Balasubramanian, 1998; Ben-Shalom et al, 2003). Conversely, when 
chitosan derivatives have been applied by foliar spray against a soilborne pathogen or as 
seed immersion before planting the protective action manifested is the activation of induced 
resistance. Several reports for this action way have informed protection against fungal and 
oomycetes pathogens (Sharathchandra et al, 2004; Rodriguez et al, 2007; Falcon et al, 2011). 

The preventive character of chitosaccharide applications have been clearly demonstrated in 
several reports. In the pathosystem cucumber-Bofn/f/s cinerea it was shown that spraying 
chitosan one hour before inoculation decreased gray mold incidence by 65% while spraying 
4 or 24 hours before inoculation caused a reduction of disease incidence of 82 and 87%, 
respectively (Ben-Shalom et al, 2003). In this example it must take into account that part of 
protective action achieved is the result of direct inhibition of the pathogen when inoculated 
in the leaves previously treated with chitosan, as a consequence, part of it remains on leaves 
and performed an antifungal activity against the pathogen (Ben-Shalom et al, 2003). 
Chitosan preventive action was also demonstrated in the carrot -Sclerotinia sclerotiorum 
interaction, where disease incidence and rot size on carrots decreased as time of inoculation 
increased (Molloy et al, 2004). 

Considerable postharvest losses of fruit and vegetables are brought about by decay 
caused by fungal plant pathogens. Fruit, due to their low pH, higher moisture content and 
nutrient composition are very susceptible to attack by pathogenic fungi, which cause rots 
and also produce mycotoxins (Moss, 2002). An additional positive effect of chitosan 
occurs in postharvest protection by its ability to extend the storage life of fruits and 
vegetables when it is applied as coatings of agricultural commodities. Chitosan can forms 
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a semipermeable film that, depending on molecular weight and viscosity of solution, 
regulates the gas exchange, reduces transpiration rate, ethylene production and water loss 
and prevents pathogens entry, as a consequence, fruit ripening and ulterior degradation is 
slowed down causing a benefic extension of commodities shelf life. These effects and their 
antimicrobial benefits has been reported for several authors in postharvest of numerous 
crops such as cucumber, bell pepper, tomatoes, strawberries, papaya, apples, grapevine, 
among others (El Ghaouth et ah, 1991; 1992a; 1992b; Du et al., 1998; Romanazzi et ah, 
2002; Bautista-Banos et ah, 2003; Bautista-Banos & Bravo-Luna, 2004; Liu et ah, 2007; 
Gonzalez-Aguilar et al, 2009). 

Chitosaccharides applications are not in contradiction with the use of biological controls 
to protect crops. In a postharvest study, El Ghaouth and coworkers (2000) demonstrated 
that the combination of glycolchitosan (0.2%) with the antagonist Candida saitoana was 
more effective in controlling gray and blue mold of apple caused by Botrytis cinerea and 
Penicillium expansum, respectively, and green mold of orange and lemons caused by 
Penicillium digitatum than both components of the combination when tested each 
one alone. In addition, it was observe, that pretreatment of fruits with sodium 
carbonate followed by the combination of C. saitoana with 0.2% glycolchitosan was the 
most effective treatment in controlling green mold of both light green and yellow lemons 
(El Ghaouth et al., 2000). 

All examples afore mentioned demonstrated the efficacy of chitosaccharides as preventive 
agent to protect crops against pathogenic diseases with the additional benefits of growth 
and yield enhancing. Perspective work must evaluate the influence of concentration and 
physicochemical properties of chitosan employed in greenhouse and field experiments on 
plant induced resistance, in order to determine the activation of priming (capacity for 
inducing augmented defense expression and resistance in plant after pathogen challenge) or 
the activation of plant direct defenses, although, the latter could be more costly in term of 
plant fitness. 

6. Conclusion 

Chitosaccharides has profitable advantages as plant resistance inducers: Chitosaccharides 
can protect a broad range of plants either as activator of plant innate immunity or by the 
inhibiting effect of its antimicrobial activity on a wide array of plant pathogens. These 
bioactives also stimulate plant growth and improve crop yield and quality in many species. 
The 90% of chitin and chitosan commercialized is obtained from polluting byproducts from 
fishing industry. Preparation methodologies have no o very low polluting impact. 
Additionally, chitosaccharides not disrupt beneficial predators and parasites. Thus, chitosan 
applications are compatible with the simultaneously use of biofertilizers and biological 
agents for diseases control. 
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1. Introduction 

Plant productivity is a result of an effect of yield promoting and yield protecting factors. The 
first group of the factors determines process of yield formation, including dry matter 
accumulation (plant growth) and differentiation of generative organs (plant development). 
The other group of the factors stabilizes previously created yield and protects it against 
reduction. Both groups of factors are influenced by weather conditions. 

Among yield promoting factors nitrogen fertilization is the most important one. Nitrogen 
significantly increases grain yield by the influence on yield components formation at the 
course of plant development. The relationships are well described in the literature (Fotyma 
& Fotyma, 1993; Mazurek, 1999; Spiertz & Vos, 1983; Wyszynski et al., 2007). At early plant 
development stages nitrogen stimulates tillering process and therefore determines potential 
spike number per unit area and decides about final number of spikelets per spike. At stem 
elongation stage nitrogen protects a plant against excessive reduction of tillers and spikelets, 
which means that nitrogen enables big number of grains per spike. In the period before 
anthesis, nitrogen stimulates the effectiveness of assimilation of organs and production of 
biomass, which subsequently, at the grain filling stage participates in the photosynthesis 
process (Bertholdssson, 1999; Przulj & Momcilovic, 2001). During maturity, nitrogen affects 
grain quality. Restriction of N supply at any development stage can reduce grain yield by 
up to 65% (Zhao et al, 2009). 

Despite nitrogen fertilization is the most important grain yield creating factor, the 
maximization of grain yield is possible only under conditions of a proper plant protection 
against fungal diseases. Plant protection is usually aimed at increasing the resistance to 
these diseases and to combat the already active pathogens. For these aims, specific programs 
are recommended to producers. However, the precedent purpose of the protection against 
fungal diseases is to preserve the yield against reduction and its stabilization (Pruszyhski, 
2002). In unprotected canopies fungal diseases reduce wheat potential yield by 45% on 
average and the losses may reach even 70% (Perrenoud, 1990; Podolska et al, 2004). 
Chemical protection measures extend plant green area and the duration of photosynthetic 
activity (Dimmok & Gooding, 2002; Ruiter & Brooking, 1996) and stimulate effects of grain 
yield promoting factors. The efficiency of the protection is related to the pattern of weather 
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conditions, which simultaneously influences plant infestation by pathogens (Nowak et al., 
2005). Higher precipitation, besides nitrogen fertilization and crop yields, usually favors also 
development of the fungal pathogens (McMullen, 2003). Deficit of precipitation restricts 
their development, and therefore the effect of chemical plant protection measures on grain 
yield is smaller (Brzozowska et al., 1996). 

For best possible nitrogen utilization, all diseases should be avoided (Goulding, 2000). 
However, nitrogen fertilization increases the susceptibility of plants to fungal infections, and 
therefore the interaction between weather, nitrogen and plant protection strategy can be 
expected. The purpose of the study was to quantify this interaction in the production of four 
cereal crops: winter wheat, spring barley, winter triticale and oat under conditions of 
differentiated nitrogen fertilization rate. 

2. Material and methods 

2.1 Field site and management 

The study was performed on the basis of a long term experiment in Grabow Experimental 
Station (E 21° 39', N 51° 21') of the Institute of Soil Science and Plant Cultivation in Pulawy, 
Poland in 2004-2007. The experiment was located on a highly heterogenous soil that was 
classified partly as stagnic luvisol and partly as pseudo podzolic. Average soil reaction was 
slightly acid. 

Four cereal crops winter wheat, spring barley, winter triticale and oat were grown in four- 
course crop rotation. The first experimental factor was the strategy of chemical plant 
protection against fungal diseases proposed by three companies: A, B and C and the control 
treatment without any protection. 

Plant protection strategies differ in the selection of biologically active ingredients of the 
fungicides (tab. 1). However, the strategies differentiate neither the level of plant infestation 
by pathogens nor the grain yield of cereals. Therefore, the results for strategies were treated 
as the additional replications and further on the average date for all of them are presented 
and discussed, against the control treatment. 

The second experimental factor was nitrogen rate 0, 40, 80,120,160 (for winter wheat) and 0, 
30, 60, 90, 120 (for spring barley, winter triticale and oat). Lower fertilizer rates (30 or 40 kg 
N ha- 1 ) was applied at tillering stage (BBCH 21). Higher rates were split in two doses: 30 or 
40 kg N ha- 1 at tillering stage (BBCH 21) and additional ones at stem elongation (BBCH 31). 
Two-factorial experiment was set up according to split-plot design in four replicates. The 
single plot covered the area of 28.8 m 2 . 

Winter cereals were sown in mid-September and the spring cereals at the beginning of April 
(tab. 2). Harvest time was from the end of July to the beginning of August. After harvest, at 
full maturity stage (BBCH 91) grain yield per plot was determined. 

2.2 Disease incidence 

In the vegetation periods 2005, 2006 and 2007 plant infection by fungal diseases was 
estimated at the plant milky maturity stage (BBCH 75-77). Infection of three upper leaves 
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Plant protection strategy 

Active group 

Rate 
(1 ha 1 ) 

Development stage 
(BBCH scale) 

producer 

biologically active 
ingredient 

winter wheat 

A 

Picoxystrobin 250 
+Propiconazole 125 
Fenpropidyna 275 

strobilurins 
+ triazols, 
morfolins 

0.6 + 0.6 

32 

Azoxystrobin 250 
+ Propiconazole 250, 
Cyprokonazol 80 

strobilurins 
+ triazoles 

0.6 + 0.4 

58-59 

B 

Carbendazim 250 

Flusilazol 125 
+ Flusilazol 160 
Fenpropimorf 375 

benzimidazols, 
triazols 
+ triazols, 
morfolins 

0.8 + 0.4 

32 

Flusilazol 160,7 

Famoksat 100 

triazols, 

oksazolidyns 

0.75 

58-59 

Flusilazol 160,7 

Famoksat 100 

0.75 

71 

C 

Epoxiconazol 83 

Krezoxim methyl 83 
Fenpropimorf 317 

triazols, 

strobilurins, 

morfolins 

1.35 

32 

Dimoksy strobinal 33 
Epoxiconazol 50 

strobilurins, 

triazols 

1.2 

58-59 

winter triticale 

A 

Propiconazole 125 
Fenpropidyna 275 

triazols, 

morfolins 

0.6 

32 

Propiconazole 250 
Cyprokonazol 80 

triazols 

0.4 

58-59 

B 

Karbendazym 250 
Flusilazole 125 

benzimidazols, 

triazols 

0.8 

32 

flusilazole 160,7 
Fenpropimorf 375 

triazols, 

morfolins 

0.4 

32 

Flusilazole 160,7 

Famoksat 100 

triazols, 

oxazolidins 

0.75 

0.75 

58-59 

71 

C 

Epoxiconazol 83 

Krezoxim methyl 83 
Fenpropimorf 317 

triazols, 

strobilurins, 

morfolins 

1.35 

32 

Dimoksy strobinal 33 
Epoxiconazol 50 

strobilurins, 

triazols 

1.2 

58-59 
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Plant protection strategy 

Active group 

Rate 
(1 ha 1 ) 

Development stage 
(BBCH scale) 

producer 

biologically active 
ingredient 

spring barley 

A 

Picoxystrobin 250 

strobilurins 

0.6 

49 

Propiconazole 125 
Fenpropidyna 275 

triazols, 

morfolins 

0.6 

49 

B 

Flusilazole 160 
Fenpropimorf 375 

triazols, 

morfolins 

0.4 

49 

Flusilazole 160,7 

Famoksat 100 

triazols, 

oksazolidyns 

1 

49 

C 

Carbendazim 250 

benzimidazols 

0.6 

32 

Epoxinazole 83 

Krezoxim methyl 310 
Fenpropimorf 317 

triazols, 

strobilurins 

morfolins 

1.2 

49 

oat 

A 

Propikonasol 250 

triazols 

0.5 

43-45 

B 

Flusilazole 125 

triazols 

1 

43-45 

C 

Carbendazim 250 

bezimidazoles 

0.6 

43-45 


Table 1. Systems of plant protection in cereal crops 


Crop 

Agronomical 

measure 

Harvest year 

2004 

2005 

2006 

2007 

Winter 

wheat 

sowings 

17.09.03 

14.09.04 

22.09.05 

13.09.06 

harvest 

12.08.04 

12.08.05 

28.07.06 

20.07.07 

Winter 

triticale 

sowings 

17.09.03 

14.09.04 

20.09.05 

13.09.06 

harvest 

9.08.04 

2.08.05 

28.07.06 

20.07.07 

Spring 

barley 

sowings 

5.04.04 

7.04.05 

25.04.06 

3.04.07 

harvest 

18.08.04 

16.08.05 

27.07.06 

1.08.07 

Oat 

sowings 

5.04.04 

7.04.05 

24.04.06 

3.04.07 

harvest 

16.08.04 

3.08.05 

28.07.06 

3.08.05 


Table 2. Dates of sowings and harvests by harvest years 


and a spike or a panicle (in the case of oat) of main stem was determined on 25 plants as a 
percentage of the damaged area in the highest N rate treatments. Evaluation of culm base 
infection considered 4-levels scale described by Bojarczuk & Bojarczuk, 1974. Root system 
infection was estimated based on 5-levels according to Korbas et al., 2000 scale. 
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2.3 Statistical analysis 

All data were statistically processed using analysis of variance by Statgraphics Centurion v. 
XV statistical package. The significance of differences between treatments (e.g. protection 
strategy, N rates and their interaction) were estimated by Tukey's test at a=0.05 confidence 
level. Regression analysis has been applied for calculating optimal nitrogen rate depending 
on protection treatments. 

2.4 Weather conditions 

Weather data originated from the Grabow meteorological station located close to the 
experimental field (tab. 3). The data concerning precipitation and the mean daily 
temperature were used for calculations of Sielianow's index (K). The index is the product of 
the total precipitation (P) and sum of mean daily temperatures (t) in a given period: 


K=10P/£t (1) 


Year 

Month 

Temperature 

°C 

Precipitation 
sum (mm) 

Sielianinow's 
index K 

2004 

March 

2.8 

45.0 

5.3 


April 

8.2 

67.0 

2.7 


May 

12.0 

41.3 

1.1 


June 

15.9 

83.7 

1.8 


July 

18.0 

112.1 

2.0 


August 

18.7 

58.7 

1.0 

2005 

March 

-0.2 

41.9 

-58 


April 

8.6 

10.2 

0.4 


May 

13.5 

84.0 

2.0 


June 

16.1 

46.3 

1.0 


July 

20.1 

132.8 

2.1 


August 

17.5 

36.8 

0.7 

2006 

March 

-1.5 

51.8 

-11 


April 

9.0 

30.1 

1.1 


May 

13.6 

53.4 

1.3 


June 

17.4 

38.2 

0.7 


July 

22.4 

10.0 

0.1 


August 

17.9 

219.5 

4.0 

2007 

March 

6.3 

38.0 

1.9 


April 

8.7 

13.4 

0.5 


May 

15.2 

74.6 

1.6 


June 

18.7 

99.9 

1.8 


July 

19.2 

75.5 

1.3 


August 

19.1 

151.7 

2.6 


Table 3. Weather data in 2004-2007 vegetation seasons 
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It is useful for assessments of the duration and intensity of drought. The value K<1 means 
that a plant uses more water than it is supplied by precipitation. The value K<0.5 signifies 
the serious drought when evaporation two times exceeds water supply. 

The weather conditions differed considerably in the study years. The vegetation season 2004 
was characterized by the lowest mean daily temperature and the highest precipitation, 
while the season 2005 was warmer and drier. In the following 2006 vegetation season, the 
temperature was similar to the year 2004 but the smallest precipitation sum was recorded. 
The 2007 season was characterized by the highest temperature and precipitation close to the 
year 2005. Sielaninow's index provides better and a synthetic characteristic of the weather 
course. The whole seasons of 2004 year and 2007 (except for April) were rather wet, though 
they differed in the mean daily temperature. In 2005, the early spring was exceptionally dry 
but moisture conditions since May improved considerably. The whole vegetation season in 
2006 was characterized by low, or very low Sielininow's index. High rainfalls were recorded 
already in August, after cereal harvest. 

3. Results 

3.1 Disease infestation 

Weather conditions in study years differentiated development of fungal diseases, plant 
infection and efficiency of fungicides (tab. 4, 5, 6, 7). Among plant organs, leaves of studied 
crops appeared to be the most sensitive. Leaves of winter wheat in all years were infected by 
Stagonospora nodorum, Dreschlera tritici-repentis and Blumeria graminis (tab. 4). Each year, 
especially in 2007 and 2005, Stagonospora nodorum caused the highest infection (72.1% and 
24.5%, respectively). Dreschlera tritici-repentis and Blumeria graminis made relatively small 
damages (from 0.8% in 2007 to 3.33% in 2006). Generally, leaves of winter wheat were 
infected the most in 2007 (75%) and the least in 2006 (12%). 

Leaves of winter triticale were infected each year by Blumeria graminis and Dreschlera tritici- 
repentis (tab. 4). In 2005, winter triticale was infected also by Stagonospora nodorum, and in 
2006 by Puccinia recondita, and in 2007 by both pathogens. Infection of winter triticale was 
much less serious than this of winter wheat and did not differ between years. It ranged from 
6% in 2006 to 9% in 2005. 

Chemical plant protection significantly reduced the infection of both winter cereals. The 
fungicide efficiency ranged from about 60% in 2005 and 2007 to 80% in 2006 in the case of 
winter wheat and from about 20% in 2007 to 70% in 2005 and 90% in 2006 for winter 
triticale. The efficiency depended on the type of the pathogen. 

Spring barley leaves in all years were infected by Dreshlera teres, in 2006 by Blumeria graminis 
and in 2007 by Puccinia hordei as well (tab. 5). In 2005 plant infestation was very low (1.6%), 
and in 2006 slightly higher but the damaged area of three upper leaves was smaller than 
10%. The highest infestation was recorded in 2007 and reached almost 60%. Efficiency of 
fungicides in 2006 was about 50%, but in 2007 almost 90%. 

The leaves of oat in each year were infected by Helminthosporium avenae and Puccinia coronata 
(tab. 5). However the area of damaged leaves in 2005 and 2006 was small and equaled to 
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0.13 and 1.14%, respectively. In 2007 the infested area in not protected treatments was 
higher and equaled to 2.5%. The efficiency of fungicides in protection of oat against 
fungal diseases was generally low. 


Treatment 

Winter wheat 

Winter triticale 

S. 

nodorum 

D. tritici- 
repentis 

B. graminis 

S. nodorum 

D. tritici- 
repentis 

B. graminis 

2005 

Control 

25.51 

1.76 

2.75 

4.15 

3.15 

1.46 

Protection 

7.11 

1.48 

0.26 

2.14 

0.67 

0 

LSD 

2.430 

0.369 

0.495 

0.643 

0.424 

0.329 

2006 


S. 

nodorum 

D. tritici- 
repentis 

B. graminis 

P. recondita 

D. tritici- 
repentis 

B. graminis 

Control 

7.96 

1.04 

3.33 

2.51 

2.44 

1.37 

Protection 

1.57 

0.56 

0.32 

0.02 

0.61 

0 

LSD 

1.250 

0.143 

0.897 

0.518 

0.338 

0.481 

2007 


S. 

nodorum 

D. tritici- 
repentis 

B. graminis 

S.nodorum 

P. recondita 

D. tritici- 
repentis 

B.graminis 

Control 

72.1 

0.80 

2.47 

0.65 

1.75 

4.13 

0.80 

Protection 

29.8 

0.46 

0.02 

0.12 

0.24 

1.46 

0.09 

LSD 

4.78 

0.168 

1.200 

0.204 

0.60 

0.648 

0.252 


Table 4. Percent of damaged winter cereal crops leaf area by fungal pathogens in 2005-2007 


Treatment 

Spring barley 

Oat 

D. teres \ B. graminis \ 

P. hordei 

H. avenae 

P. coronata \ 

2005 

Control 

1.54 

0.02 

0 

0.12 

0.01 

Protection 

0.33 

0 

0 

0 

0 

LSD 

0.347 

0.026 

- 

0.044 

0.013 

2006 

Control 

1.41 

7.90 

0 

0.97 

0.17 

Protection 

0.11 

4.72 

0 

0.32 

0.06 

LSD 

0.330 

0.938 

- 

0.161 

0.05 

2007 

Control 

19.35 

0 

38.54 

0.85 

1.69 

Protection 

4.45 

0 

2.13 

1.63 

0.43 

LSD 

2.137 

- 

3.244 

0.526 

0.231 


Table 5. Percent of damaged spring cereal crops leaf area by fungal pathogens in 2005-2007 


The generative parts of winter cereals were slightly infected, 2-6% of spikes area in 2005 and 
2006 years and moderately infected, 8-9% of spikes area in 2007 (tab. 6). Efficiency of 
fungicides against spikes infestation was pretty high and reached 60-80%. Generative parts 
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of spring crops were not infected at all in 2005 and 2006, and only slightly infected in 2007 
(about 5% of barley spikes and 2% of oat panicles). 


Year 

Treatment 

Winter wheat 

Winter triticale 

Spring barley 

Oat 

2005 

Control 

2.32 

4.87 

0 

0 

Protection 

2.70 

1.06 

0 

0 

LSD 

0.691 

0.589 

- 

- 

2006 

Control 

2.05 

6.14 

0 

0 

Protection 

0.75 

1.98 

0 

0 

LSD 

0.446 

1.26 

- 

- 

2007 

Control 

9.11 

8.12 

5.72 

1.73 

Protection 

3.96 

2.21 

2.59 

1.03 

LSD 

0.825 

0.963 

1.297 

0.752 


Table 6. Total percentage of damaged cereal spike and panicle area by fugal pathogens in 
2005-2007 


Fungal diseases infected also the stem base of plants, particularly the winter cereals. In the 
control treatment, as an average of 2005-2007 years the stem base of winter wheat showed 
the 51%, and winter triticale 44% level of infestation (tab. 7). In these years infection index of 
spring barley equaled to 24% and of oat to about 2% only. The level of infestation depended 
on the weather in study years. Generally, winter wheat and spring barley were the most 
infected in 2007, much less in 2006, and the least in 2005. Different pattern of stem base 
infestation was recorded in triticale, which was the least infected in 2007 and more seriously 
in the years 2006 and 2005. Stem base of oat was practically healthy. Insignificant number of 
stems with necrotic pots proved its small sensitivity to fungal diseases and a good value as a 
preceding crop for the other cereals. Fungicides with the exception of triticale and barley in 
dry 2006, and oat in all years significantly decreased the infections of stem base by fungal 
diseases. However, their efficiency was much lower than against the infestation of leaves. 
For winter triticale and spring barley, the protection measures were the most effective in 
2005 (42% and 49%) and the least in 2006 (25% and 27%, respectively). Fungicides applied 
for winter wheat reduced infection by 31%, 36% and 21% in the consecutive study years. 
The effect in oat was not statistically proved in all study years. 

The infection of the cereal crop root system was very low indeed. Infestation indexes were in 
the range of a few percent and did not influence crop productivity. 

Generally, 2007 was the year of the highest fungal disease infestations of all parts of winter 
wheat and spring barley and generative parts of winter triticale and oat. The other parts of 
winter triticale, especially stem base and root system, were infected the most in 2005 and in 
2006. Otherwise, in the 2006 year the infections of both winter crops leaves and winter 
wheat spikes and spring barley root system were very small. In 2005 year, the infections of 
both spring crops leaves and winter triticale spikes, winter wheat and spring barley stem 
base and winter wheat root system were limited. Chemical plant protection measures 
significantly reduced the fungal infections of all cereal crops except oat. 
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Treatment 

Winter wheat 

Winter triticale 

Spring barley 

Oat 

! 2005 j 

Control 

36.0 

64.9 

18.1 

0.6 

Protection 

24.8 

37.6 

9.2 

1.4 

LSD 

10.79 

18.71 

4.15 

n.s.* 

| 2006 ! 

Control 

50.3 

50.1 

24.7 

4.8 

Protection 

32.0 

37.5 

18.1 

2.5 

LSD 

11.99 

n.s. 

n.s. 

n.s. 

! 2007 | 

Control 

86.4 

38.4 

27.70 

0.4 

Protection 

68.1 

24.3 

17.7 

0.4 

LSD 

15.38 

8.80 

6.85 

n.s. 


*not significant difference 

Table 7. Infection of cereal culms by stem base pathogens in 2005-2007 


3.2 Grain yield 

Grain yield of cereals was influenced by weather conditions, nitrogen fertilization and plant 
protection against fungal diseases (tab. 8). The highest grain yield of all cereals, except oat, 
was recorded in a cool and wet 2004, and the smallest in dry 2006. The year 2005 proved to 
be more favorable than 2007, but in both years winter cereals and spring barley yielded 
lower than in 2004, and higher than in 2006. The yield of oat was the highest in 2004 and 
2005 years, much lower in 2006, and the lowest in 2007 year. Winter cereals, except winter 
wheat in 2006, out yielded the spring ones. However, in the dry 2006, both forms of cereals 
gave a rather comparable, low yields of grain. 

As an average of four years grain yield of all cereals increased significantly to the highest 
applied rates of nitrogen (tab. 8). However, the yield increases reached about 3,6 tone of 
grain for winter cereals and only about 2 tones for the spring ones. All the tested plant 
protection strategies proved to be effective in comparison to the control treatment. As it has 
been already mentioned, the differences between these strategies were rather insignificant 
and further on the average values for all strategies were discussed. Plant protection 
measures showed the highest efficiency for winter wheat and then for winter triticale and 
spring barley. Their efficiency for oat was practically negligible. 

The most interesting are interactions between three factors influencing cereals yield. All 
interactions of the second order proved to be significant and are further presented on 
figures 1-4. 

The effect of nitrogen was the highest in 2004 and the lowest in 2006 (fig. 1). In 2004 
characterized by moderate temperature and higher then long-term averages, rainfall. The 
highest nitrogen rates increased the yield of winter cereals by almost 6 ton and spring cereals 
by almost 3 ton of grain. In 2006, which was the driest one, the yield increases reached about 2 
tons, only and for oat less than 1 ton of grain. In 2005 and 2007, the effects of nitrogen were 
rather similar, though the yield level was much higher in the former year. Both these years 
were characterized by moderate rainfall, but 2007 was significantly warmer. For winter wheat. 
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the optimal nitrogen rates can be estimated at 160 kg N-ha- 1 in 2004,120 kg N-ha _1 in 2005 and 
2007, and at about 80 N-ha- 1 in 2006. For winter triticale and spring barley, the corresponding 
nitrogen rates were 120, 90 and about 60 kg N-ha- 1 . For oat, in three study years, except 2004 
with 120 kg N ha 1 , the estimated optimal nitrogen rate was 60 kg N-ha- 1 only. 


Factor 

Winter wheat 

Winter triticale 

Spring barley 

Oat 

Year 

2004 

7.30 

9.00 

5.13 

5.01 

2005 

5.70 

6.60 

4.21 

5.20 

2006 

3.05 

4.43 

3.39 

3.60 

2007 

4.81 

4.76 

3.78 

3.25 

LSD 

0.341 

0.223 

0.313 

0.105 

Nitrogen rate 
(N kg ■ ha- 1 ) 

0 

3.00 

4.11 

2.82 

3.04 

40* /30** 

4.44 

5.38 

3.80 

3.90 

80/60 

5.66 

6.42 

4.44 

4.57 

120/90 

6.29 

7.27 

4.72 

4.81 

160/120 

6.68 

7.79 

4.87 

5.00 

LSD 

0.247 

0.227 

0.128 

0.095 

Plant protection 
strategy 

control 

4.87 

5.84 

3.88 

4.21 

A 

5.34 

6.21 

4.15 

4.32 

B 

5.27 

6.44 

4.21 

4.28 

C 

5.38 

6.28 

4.28 

4.25 

LSD 

0.221 

0.203 

0.114 

0.085 


*- rates for wheat / " for the other crops 


Table 8. Grain yield of cereal crops depending on the year, nitrogen rate and plant 
protection strategy 



2004 2005 2006 2007 


2004 2005 2006 2007 


Fig. 1. Grain yield of cereal crops depending on nitrogen rate in 2004-2007 
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Chemical plant protection was the most effective in a wet and warm 2007 year and the least 
(for winter cereals) or not effective at all (for spring cereals) in the dry, though the rather 
cold 2006 year (fig. 2 ). In 2004 and 2005, the effect of plant protection measure was 
significant, however smaller than in 2007, for all cereals except oat. The yield increases of 
winter wheat and spring barley in the most prone to fungal diseases 2007 year were in the 
range of about 1 ton of grain per ha, while those for triticale and oat reached about 0.3 ton 
per ha only. 



2005 2006 2007 



Fig. 2. Grain yield of cereal crops depending on plant protection strategy in 2004-2007 

Nitrogen fertilization generally increased efficiency of plant protection measures for all 
cereals except oat (fig. 3). This interaction was, however, strongly depended on the weather 
conditions in the study years. Only oat practically each year did not respond to plant 
protection measures. The year 2007 was the most effective for plant protection. The effect in 
grain yield raised according to nitrogen rate increase from 0.5 to 1.4 t ha- 1 for winter wheat, 
from 0.5 to 1.3 t ha- 1 for spring barley and from 0.04 to 0.7 t ha- 1 for winter triticale. Effect of 
oat plant protection ranged from 0.2 to 0.3 t ha 1 . In 2004 chemical plant protection affected 
practically only winter wheat and winter triticale grain yield. 

Dry weather in 2006 caused that crop protection was practically ineffective for spring crops, 
and the increase of winter wheat was reduced to 0.2-0.4 t ha 1 . Grain yield of winter triticale 
increased from 0.2 t -ha 1 in the control treatment to 0.6 t ha 4 on the 90 kg N ha 4 rate. Figure 
3 allows for drawing the conclusion that without nitrogen fertilization and if the nitrogen 
rates are low, the application of fungicide is of no use and surely would bring economic 
losses. Another conclusion is that oat in Polish condition does not respond to plant 
protection measures. 
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2004 2005 2006 2007 


2004 2005 2006 2007 


Fig. 3. Effect of nitrogen rate on efficiency of chemical plant protection in 2004-2007 


Interaction of plant protection against fungal diseases and nitrogen fertilization can be further 
analyzed from the side of nitrogen efficiency (fig. 4). In all study years, except 2006 and for all 
cereals, except oat, nitrogen efficiency was higher in the treatments with fungicide application. 
The yield increases of winter cereals under an influence of high nitrogen rates were in the 
range 3-6 tons of grain per ha in protected treatments and 2.3 - 4.4 ton in the control. The 
positive interaction of nitrogen and plant protection measures was not so strong in the case of 
spring barley. The yield increases under nitrogen rates in protected treatments were by 0.3-0.5 
ton grain per ha higher than in the control one. Besides in 2007 year, fungicide application for 
spring barley did not increase the efficiency of nitrogen at all. As results from figure 4, each 
next nitrogen rate more often gave a significant yield increase in protected treatments than in 
the control treatment. This problem will be more comprehensively presented in the discussion. 
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Fig. 4. Effect of plant protection on nitrogen rate efficiency in 2004-2007 (continued) 
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Fig. 5. Effect of plant protection on nitrogen rate efficiency in 2004-2007 

4. Discussion 

Water availability in the growing season in Poland affects significantly plant growth and 
yield (Grzebisz, 2004). In the own study efficiency of plant protection measures and nitrogen 
efficiency were also modified by weather conditions. Hence, the interactions between 
weather, nitrogen and plant protection measures, including the yield level are quite 
complicated. 
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4.1 Weather conditions, diseases infestation and crop protection 

It is practically known that climatic conditions and each weather anomaly (e.g. drought) 
might restrict development of pathogens (Garret, et al., 2006; Jaczewska-Kalicka, 2008; 
Korbas, 2008). Unfortunately, due to technical reasons crop infestation by fungal diseases 
was not estimated in 2004 year. The best conditions for disease infestation of leaves, stem 
base, and generative plant parts of winter wheat and spring barley crops were noted in 2007. 
However, this year was not so favorable for development of stem base diseases on triticale. 
The year 2007 was characterized by high temperatures and precipitation in the whole 
vegetation season, except for April. Even in this year, the infestation of oat plant by all 
fungal diseases were negligible. The poorest conditions for leaf and generative plant parts 
infection of winter crops were noted in dry 2006. However, that does not concern the stem 
base diseases, which develop the best in this particular weather conditions. It reveals 
another problem in investigation on fungal diseases, namely different susceptibility of plant 
parts depending on the weather course (Blazej &Blazej, 2000; Garrett, et al., 2006; Jaczewska, 
1993 & Jaczewska-Kalicka, 2008). Anyway, among the studied crops, except barley in 2007, 
leaves were much less infected then culm base (tab. 9). The level of infection depends 
considerably on the cereal crop. The cereals grown in the experiment can be ranked as 
follow in descending order concerning the sensitivity to fungal infection: winter 
wheat>winter triticale>spring barley>oat. 

Chemical plant protection measures significantly reduced the infections of all cereals, except 
oat, with fungal diseases (tab. 9). The efficiency of fungicides against leaf disease were 
higher than against the culm diseases. It should be noted that all studied protection 
strategies considered rather protection against diseases of leaves and spikes than stem base 
and root system. 


Year 

Treatment 

Winter wheat 

Winter triticale 

Spring barley 

Oat 

leaf 

culm 

leaf 

culm 

leaf 

culm 

leaf 

culm 

2005 

control 

29.6 

36.0 

8.76 

64.9 

1.56 

18.1 

0.13 

0.6 

protection 

8.85 

24.8 

2.81 

37.6 

0.33 

9.2 

0 

1.4 

Efficiency % 

70 

30 

68 

44 

79 

49 

100 

0 

2006 

control 

12.3 

50.3 

6.32 

50.1 

9.31 

24.7 

1.14 

4.8 

protection 

2.45 

32.0 

0.63 

37.5 

4.83 

18.1 

0.38 

2.5 

Efficiency % 

80 

36 

90 

25 

49 

27 

67 

48 

2007 

control 

75.4 

86.4 

2.35 

38.4 

57.9 

27.70 

2.54 

0.4 

protection 

30.3 

68.1 

1.82 

24.3 

6.58 

17.7 

2.06 

0.4 

| Efficiency % 

60 

21 

23 

37 

89 

37 

19 

0 


Table 9. Leaf and culm infection of cereals in the years 2005-2007 


4.2 Weather conditions and grain yield 

The highest average yields of all cereal crops was recorded in a relatively cool and wet 2004. 
For winter cereals it was a combining effect of direct influence of favorable weather 
conditions on plant growth and development, very high nitrogen efficiency and positive 
effect of plant protection measures. The last of mentioned factor seems to be insignificant for 
spring cereals, particularly oat. These results are confirmed by Nowak et al., 2005, who has 
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found a similar combining effect of weather conditions and the level of plant infestation by 
pathogens on the cereals grain yield. Unfortunately, the data concerning plant infestation in 
this year are unavailable. The next good, and for oat very good, was 2005 year. In this 
year, high yield of grain were recorded already in control treatment and the efficiency of 
nitrogen fertilization was high. In 2005, the March and April were very dry but later on 
moisture conditions favored plant growth and development. As a matter of fact the level 
of plant infestation by pathogens was pretty high but so was the efficiency of fungicides. 
In 2007 in spite of favorable weather conditions the yields of all cereals were lower than in 
2005. For winter wheat and spring barley it can be explained by the highest infection of 
plants by pathogens in experimental period. The infection of winter triticale plants was in 
fact on average level but the efficiency of fungicides against culm diseases was rather low. 
For the whole experimental period the lowest yields of all cereals were achieved in the 
cold and dry 2006 year. It is a combining effect of limitation in plant growth and 
development, as well as low nitrogen efficiency and high level of culm base infestation by 
pathogens. Low yields of cereal crops in dry years are well documented in the literature 
(Ferrante et ah, 2008; Hura et al., 2007; Jessop, 1996; Okuyama, 1990; Pecio, 2002; 
Rodriguez-Perez et al., 2007 & Savin, 1996). 

Special attention should be dedicated to oat. This crop gave low yields both in cold and 
dry 2006 year as well as in the moist and hot 2007 year. Oat, other cereal crops unlikely, 
requires lower temperatures and high air moisture for proper growth and development 
(Givens et al., 2004; Welch, 1995). According to Doehlert et al., 2001 the highest oat yield is 
obtained under conditions of warm, sunny weather in the spring and cooler summer, 
without excessive precipitation at grain filling stage. The results of Michalski et al., 1999 
showed the decrease of oat productivity in line with increasing the temperature in the 
period between April and July with May as the month of the highest oat sensitivity. Our 
results confirmed that relationships. Higher temperatures in 2006 and 2007 years in the 
critical period of oat development decreased grain yield considerably. Furthermore, the 
highest mean temperature in May 2007 decreased grain yield comparing to 2006, 
independently of higher precipitation. 

Our results suggest that weather conditions can modify yield of cereal grain more than 
infestations by fungal diseases. Grain yield of cereal crops and its variability between 
years is a result of many factors co-operating each with other throughout the whole 
vegetation period (Jaczewska-Kalicka, 2008). Garret et al., 2006, Gooding & Lafever, 1991, 
Mazurek, 1999 & Welch, 1995 claim that weather conditions effect the plant development, 
nutrient uptake ability and photosynthesis effectiveness. They cause the changes in plant 
assimilation area and photosynthesis rate, which decides upon the quantity of storage 
materials in the seeds, and therefore, about its weight and grain yield per area unit. 
Adequate moisture conditions before anthesis enable plants to accumulate storage 
materials, which might be used for grain filling. After anthesis, plants stay green for 
longer time, which extends the period of grain filling stage and increases final grain yield 
(Coles etal., 1991). 

Weather conditions in the study years explain only partly the differences between cereal grain 
yields. Our results confirmed the opinion of the other authors (Doehlert et al. 2001; Peterson et 
al. 2005), that grain yield is determined mainly genetically, and in turn it is strongly modified 
by weather conditions. Saastamonien et al. (1989) showed, that different cultivars of cereal 
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crops can adopt to climatic changes in different ways. In the own research, the choice of 
varieties changed in experimental years. In 2004-2006, winter wheat variety Rywalka was 
grown, and in 2007 variety Tumia, both yielding on the similar level. The cultivars of spring 
barley were Justina and Rywalka. In the studies of Noworolnik (2003), Justina was 
distinguished by a high yield. Winter triticale was represented by Woltario (2004-2006) and 
Zorro varieties, both yielding on similar level. Among cultivars of oat, lower yielding Cwal 
variety was grown in the years 2005-2006, and high yielding Szakal cultivar in 2004 and 2007. 

4.3 Nitrogen fertilization 

Good supply of nitrogen decides upon proper plant growth and development (Fotyma, 
1988; Spiertz & Vos, 1983). Availability of nitrogen for crop depends on the mineral nitrogen 
reserves in soil, supplemented by fertilizers and on soil moisture conditions. Supply of 
nitrogen also considerably influences plant susceptibility to pathogens, particularly fungal 
diseases (Krauss, 2001; Poschenrieder et al., 2006). In the own research, due to the 
application of five nitrogen rates, it was possible to interpret quantitatively the effect of 
nitrogen, using regression equations. The relations between cereal grain yield and nitrogen 
rates were the best approximated by a polynomial of second order (fig. 6). The model was 
previously used by Fotyma, 1997; Fotyma, 1988; Fotyma, 2000 & by Fotyma & Filipiak, 2008. 

Applied regression model characterized by a "flat" part around the breaking point, usually 
overestimates the real effect of nitrogen on grain yield (Cerrato & Blackmer, 1990). For this 
reason, optimum N rate was calculated for 90% of maximal grain yield, according to the 
method described by Barlog et al., 2008. Optimal nitrogen rates, securing this yield level, 
calculated from the regression equations are presented in table 10. In few cases, these rates 
were extrapolated and are included for general orientation only. From this table, several 
conclusions can be drawn. Optimal nitrogen rates were always higher for winter than for 
spring cereals. For spring barley and oat, nitrogen rates can be limited to about 100 kg 
N -ha- 1 , while for winter cereals it should be increased by about 50%. 

Optimal N rate depends strongly on the weather and in the vegetation season 2004, 
characterized by average Sielianinow's index K=1.9, for winter cereals this rate exceeds the top 
rate applied in the experiment. Optimal nitrogen rates for crops protected against fungal 
diseases, were also high in the years 2005 and 2007 with ample rainfall and Sielianinow's index 
in spring exceeding K=1.5. In the very dry 2006, the optimal nitrogen rates could be limited to 
about 100 kg N-ha- 1 , even for winter cereals. Another very important conclusion is that optimal 
N rates for winter cereals, and in favorable weather conditions for spring cereals as well, were 
higher in the treatments with fungicide application. This regularity did not concern a very dry 
year of 2006, characterized by a very low efficiency of plant protection measures. The regularity 
is with agreement with other authors (Grzebisz, 2008; Jaczewska, 1993 & Noworolnik, 2003). 


Year 

Winter wheat 

Winter triticale 

Spring barley 

Oat j 

control 

protection 

control 

protection 

control 

protection 

control 

protection 

2004 

162 

212* 

130 

207* 

122 

115 

116 

129 

2005 

127 

149 

124 

178* 

109 

93 

99 

93 

2006 

116 

122 

124 

112 

79 

93 

86 

89 

2007 

118 

178* 

148* 

195* 

85 

109 

96 

95 


* rates extrapolated beyond the highest rate in the experiment 

Table 10. Optimal nitrogen rate securing 90% of maximal grain yield 
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Fig. 6. Regression curves for the relationships between grain yield and nitrogen fertilization 
rate 
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Another useful index for comparing nitrogen effect on cereal yield depending on weather 
conditions, nitrogen rate and plant protection measures is NUE (nitrogen use efficiency) 
(Potarzycki, 2010). This index gives the information on the yield increase per one kilogram 
of applied nitrogen (Nf) (Moll et al., 1982), and can be further used for economic calculations 
(fig. 7). The analysis of NUE confirms already discussed relation between the nitrogen 
efficiency and weather as well as fungicide's application. Positive interaction between 
nitrogen rates and fungicides application is confirmed by many authors (Bradley et al., 2002 
& Delin et al., 2008). For the good nitrogen utilization, pest and diseases should be kept 
under control (Goulding, 2000). Gooding et al. 2005 & Ruske et al., 2003 have reported that 
grain yield, crop biomass, grain nitrogen and thereby nitrogen use efficiency increase with 
decreasing incidence of fungal diseases and/or with crop protection. 
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Fig. 7. Agronomic Nitrogen Efficiency (kg of grain per kg Nf) in relation to nitrogen rate and 
crop protection 

4.4 Interaction and concurrence between nitrogen and plant protection measures 

Interaction is a purely statistic term, used in processing the results of investigations by 
analysis of variance. In the further consideration more proper seems to be the term of 
concurrence, which does not have a strict statistical sense. The result concurrence between 
two factors can be synergistic, antagonistic and/or additive. The type of relation between 
nitrogen fertilization and plant protection measures will be analyzed here on the basis of the 
data presented in table 11. This table does contain neither the data for all cereals in 2006 
year, nor the data for oat in all study years. It has previously been shown that this year was 
extremely dry and was characterized by a low efficiency of nitrogen fertilizer and practically 
no effect of plant protection measures. 
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As one can conclude from this table, the main factor deciding upon yield increasing is 
nitrogen fertilization, while the effect of plant protection measures is much lower. However, 
similarly to Smagacz & Kus, 2010, the effect of nitrogen, with few exceptions, was higher for 
protected cereals and the effect of plant protection was higher for cereals well supplied with 
nitrogen. On the average, the concurrence between the nitrogen and plant protection 
measures was of additive character. The combined effect of nitrogen fertilization and plant 
protection was the highest in 2004 year characterized by rather cold and wet weather. 


Year 

Nmax - NO 

Protection - Control 

Combine 

effect 

Cumulative effects 

control 

protection 

NO 

Nmax 

2 + 5 

2 + 4 

3 + 5 

1 

2 

3 

4 

5 

6 

7 

8 

[ Winter wheat | 

2004 

4.98 

5.95 

0.22 

1.19 

6.17 

5.20 

7.14 

2005 

3.42 

4.02 

-0.07 

0.53 

3.95 

3.35 

4.55 

2007 

2.34 

2.14 

0.01 

-0.19 

2.15 

2.35 

1.95 

| Winter triticale j 

2004 

5.27 

6.15 

0.30 

1.18 

6.45 

5.57 

7.33 

2005 

3.04 

3.58 

0.43 

0.97 

4.01 

3.47 

4.55 

2007 

2.15 

2.37 

0.22 

0.44 

2.59 

2.37 

2.81 

[ Spring barley I 

2004 

2.66 

2.30 

0.33 

-0.03 

2.63 

2.99 

2.27 

2005 

1.97 

2.24 

0.07 

0.34 

2.31 

2.04 

2.58 

2007 

1.46 

1.65 

0.04 

0.14 

1.69 

1.50 

1.79 


Table 11. Yield increases between the extreme treatments (ton grain-ha- 1 ) 


Winter cereals were more responsive to nitrogen fertilization and plant protection in 
comparison to spring barley, not to mention the unresponsive for protection oat. The own 
results are in some contradiction to those of Fotyma, 1999 and Grzebisz, 2008, who have 
found synergistic type of concurrence between the amount of applied N and wheat 
protection. The additive effect of nitrogen and fungicide follows the Law of Optimum 
(Claupen, 1993). Therefore, it should not be surprising than even in a very dry 2006, some 
effects of fungicide application were recorded, but they were reduced due to drought, which 
in turn decreased uptake of nitrogen. Nitrogen stimulates grain developing process and 
plant protection extends the period of a photosynthesis (Dimmok & Gooding, 2002; Ruiter & 
Brooking, 1996). Pruszynski, 2002, accented stabilizing but not promoting yield character of 
plant protection. It means that under conditions of poor plant infestation by pathogens, 
plant protection measures are unnecessary. However, abandoning the fungicide application 
under conditions of heavy infestation by pathogens can lead to complete yield lost. 

5. Conclusion 

Four study years represented satisfactorily the changeability of weather conditions in 
Poland. In the three of these four years, the routine programs of cereal's protection against 
fungal diseases, recommended by leading chemical companies, proved to be effective for 
winter wheat, winter triticale and spring barley. Oat practically does not respond positively 
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to plant protection measures independently of weather. In the very dry year, all cereal crops 
except winter triticale do not need to be protected against fungal diseases. Nitrogen is the 
main factor deciding upon the yield increases of winter and spring cereals. Optimal nitrogen 
rates are always higher for winter than for spring cereals and depend considerably on the 
weather. There is a positive interaction between nitrogen and plant protection measures. 
Fungicide application is practically useless in cereals not well supplied with nitrogen from 
mineral fertilizers. The concurrence between nitrogen and fungicide application is of 
additive character. 
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1. Introduction 

The medicinal properties of plant species have made an outstanding contribution in the 
origin and evolution of many traditional herbal therapies. Over the past few years, however, 
the medicinal plants have regained a wide recognition due to an escalating faith in herbal 
medicine in view of its lesser side effects compared to allopathic medicine in addition the 
necessity of meeting the requirements of medicine for an increasing human population. 

With an ever increasing global inclination towards herbal medicine for healthcare and their 
boom in recent years has imposed a great threat to the conservation of natural resources and 
endangered plant species. Currently 4,000-10,000 medicinal plants are on the endangered 
species list and this number is expected to increase (Canter et al., 2005). Most of the 
pharmaceutical industry is highly dependent on wild population for the supply of raw 
material for extraction of medicinally important compounds. The genetic diversity of 
medicinal plants in the world are getting endangered at an alarming rate because of ruinous 
harvesting practice and over-harvesting for production of medicines, with little or no regard 
to the future. Also, extensive destruction of the plant-rich habitat as a result of forest 
degradation, agriculture encroachments, urbanization, etc. is other factors. 

In modern medicine, plants are used as sources of direct therapeutic agents, as model for 
new synthetic compounds and as a taxonomic marker for the elaboration of more complex 
semisynthetic chemical compounds (Akerele, 1992). Wide variations in medicinal quality 
and content in phytopharmaceutical preparations have been observed. These are influenced 
mainly by cultivation period, season of collection, plant- to- plant variability in the 
medicinal content, adulterants of medicinal preparations with misidentified plant species, a 
lack of adequate methods for the production and standardization of the plants, a lack of 
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understanding of the unique plant physiology or efficacy with human consumption and 
consumer fraud. Generally, herbal preparations are produced from field- grown plants and 
are susceptible to infestation by bacteria, fungi and insects that can alter the medicinal 
content of the preparations (Murch et al., 2000). Also there is significant evidence to show 
that the supply of plants for traditional medicines is failing to satisfy the demand 
(Cunningham 1993). An efficient and most suited alternative solution to the problems by the 
phytopharmaceutical industry is development of in vitro systems for the production of 
medicinal plants and their extracts. 

2. Role of biotechnology 

Biotechnology involves modern tissue culture, cell biology and molecular biology offers the 
opportunity to develop new germplasms that are well adapted to changing demands. 
Biotechnological tools are also equally important for multiplication and genetic 
enhancement of the medicinal plants by adopting various techniques such as in vitro 
regeneration and genetic transformation. It can also be harnessed for the production of 
secondary metabolites using plant as bioreactors (Tripathi and Tripathi, 2003). In addition, 
modern biotechnology is being increasingly applied for plant diversity characterization and 
they have a major role in assisting plant conservation programmes. 

3. Plant tissue culture 

In recent years, tissue culture has emerged as a promising technique for culturing and 
studying the physiological behaviour of isolated plant organs, tissues, cells, protoplasts and 
even cell organelles under precisely controlled physical and chemical conditions. Tissue 
culture can be divided into three broad categories. The most common approach is to isolate 
organised meristems like shoot tips or axillary buds and induce them to grow into complete 
plants (FiglA-F). This system of propagation is commonly referred to as micropropagation. In 
the second approach, adventitious shoots are initiated on leaf, root and stem segments or on 
callus derived from those organs. The third system of propagation involves induction of 
somatic embryogenesis in cell and callus cultures. The commercial technology is primarily 
based on micropropagation, in which rapid proliferation is achieved from tiny stem cutting, 
axillary buds and to a limited extent from somatic embryos, cell clumps in suspension cultures 
and bioreactors. This technique is being used for large scale propagation of a number of plant 
species viz. Rauvolfia tetraphylla (Faisal et al., 2005), Tylophora indica (Faisal and Anis, 2003), 
Vitex negundo (Ahmad and Anis, 2007), Pterocarpus marsupium (Husain et al., 2007), Mucuna 
pruriens (Faisal et al., 2006), Balanites aegyptiaca (Siddique and Anis, 2009). Although there are a 
number of reviews published on micropropagation of medicinal plants, they do not provide 
the comprehensive micropropagation reports on Cassia species. In this way, the present review 
highlighted in vitro regeneration of medicinally important Cassia species, their significance and 
the wide scope existing for investigations on mass cloning of these plants. 

3.1 Cassia angustifolia Vahl. (Fabaceae) 

Cassia angustifolia Vahl. is a small medicinal shrub commonly known as senna, a valuable 
drought resistant plant. It is mainly grown as a cash crop in various parts of the world 
(Anonymous, 1992) .The leaves and pods of senna are chief source of anthraquinone, 
glycoside known as sennosides, which are extensively used as a laxative. It is also used as a 
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febrifuge in splenic enlargements, anaemia, typhoid, cholera, biliousness, jaundice, gout, 
rheumatism, tumours, foul breath and bronchitis and in leprosy (Pulliah, 2002). It is 
employed in the treatment of amoebic dysentery as an anthelmintic and as a mild liver 
stimulant. Poor seeds viability and low germination frequency restricts its propagation on a 
large scale. Therefore, micropropagation appears to be an alternative method in order to 
meet the demand for commercial production of this medicinal plant. 



Fig. 1. (A-F). A. Shoots induction in Cassia occidentalis on MS medium containing BA. B. 
Shoot induction in C. alata. C. Multiple shoot induction from cotyledonary node explant of 
C. angustifolia D. Multiplication and elongation of shoots from cotyledonary node explant of 
C. occidentalis E& F. Shoot proliferation in C. angustifolia and C. alata. 
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3.1.1 Explant type 

Multiple shoots were developed successfully from different explants (Cotyledonary node, 
nodal and shoot tips) excised from in vitro grown seedlings of C. angustifolia (Agrawal and 
Sardar 2003; Siddique and Anis 2007 a, b). Among the various explants, cotyledonary node 
gave the best response (Agrawal and Sardar, 2003), (Siddique and Anis, 2007a, b). In 
addition, plant regeneration has been successfully developed by using root explants 
(Parveen and Shahzad 2011). Root explants are advantageous over other explants in terms of 
their easy manipulation, higher regeneration potential and excellent susceptibility for 
Agrobacterium transformation (Knoll et al., 1997). 

In the second approach a much faster rate of multiplication has been obtained through 
indirect organogenesis. Different explants (Cotyledons, leaflets and petiole) excised from 
axenic seedlings were used for inducing organogenic callus. Agrawal and Sardar (2006) 
used cotyledons and leaflets for in vitro propagation. Cotyledons were more responsive 
where 91% cultures produced about 12 shoots per explant. Siddique et al. (2010) used 
petiole for indirect shoot organogenesis in C. angustifolia. 

3.1.2 Growth regulators 

Plant growth regulators play an important role in growth and development (Little and 
Savidage, 1987). A range of auxins and cytokinins played a vital role in multiple shoot 
regeneration in many Cassia species. MS medium with optimal quantity of cytokinins (BA, 
Kn, 2-iP or TDZ) is required for shoot proliferation in many genotypes but inclusion of low 
concentration of auxins along with cytokinin triggers the rate of shoot multiplication (Tsay 
et al., 1989). BA individually within the range of 0.5-10.0 pM was common in most of the in 
vitro micropropagated plants. According to Agrawal and Sardar (2003) 1.0 pM 6- 
benzyladenine (BA) was found best to induce multiple shoots in CN. However, at higher 
concentration of BA (10.0 pM), a decreasing trend in response in terms of percentage 
responding explants, average shoot number per explants as well as average shoot length 
was seen. Also, CN gave the best response in MS medium fortified with 1.0 pM thidiazuron 
(TDZ). In case of nodal explants best result was obtained with 5.0 pM TDZ and 1.0 pM 
Indole-3-acetic acid (IAA). Further, transfer of shoot clusters in hormone free MS medium 
considered to increase the rate of multiplication (Siddique and Anis, 2007a, b). TDZ has also 
been successfully used to induce shoot bud in root explants. To avoid adverse effect of TDZ, 
culture were transferred to shoot regeneration medium, where 2.5 pM BA + 0.6 pM NAA 
gave the maximum response (Parveen and Shahzad, 2011). 

In cotyledons and leaflets explants, multiple shoots were observed when green, 
morphogenic callus (1.0 pM 2.4-D + 1.0 pM BA) was transferred to BA + NAA (Agrawal and 
Sardar 2006). In case of petiole, highest number of shoots and shoot length was recorded on 
MS medium along with 5.0 pM TDZ and 1.5 pM IAA (Siddique et al., 2010). 

3.1.3 Somatic embryogenesis 

Somatic embryogenesis is the most striking confirmation of totipotency, it is a process where 
groups of somatic cells/tissues lead to the formation of somatic embryos which resemble the 
zygotic embryos of intact seeds and grow into seedlings on suitable medium. Types of 
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auxins and its interaction with cytokinins significantly influenced on somatic 
embryo genesis. Plant regeneration via somatic embryogenesis from single cells, that can be 
induced to produce an embryo and then complete plant, has been demonstrated in many 
plant species (Wann et al. 1987). In Cassia angustifolia, direct and indirect somatic embryos 
were observed on MS medium supplemented with auxin alone or in combination with 
cytokinins (Agrawal and Sardar, 2007). Efficient development and germination of somatic 
embryos are prerequisites for commercial plantlet production. 

Besides this, antimutagenic and genotoxic potential of senna have been reported by Silva et 
al, (2007). Hence it is a commercially important medicinal plant which has diverse 
medicinal applications, there is pressing need to conserve the plant by in situ and ex situ 
multiplication in general and micropropagation. 

3.2 Cassia siamea Lam 

Cassia siamea Lam. (Caesalpiniaceae), is an evergreen tree, commonly planted as an avenue 
and shade tree in tea estates and found useful for afforestation of degraded and wastelands 
where organic manure is deficient. It decreases soil erosion, while improving soil fertility in 
the plantation site, well adapted to a variety of climatic conditions within the tropics and 
highly resistant to drought. The anthraquinones and cassiamin B present in the plant is an 
antitumour promoting and chemopreventing agent (Sastry et al, 2003). The root and bark is 
used in folklore medicine to treat stomach complaints and as a mild purgative. Therefore, a 
systematic propagation of this valuable tree is important. 

3.2.1 Explant type 

Various explants, shoot tip, cotyledonary node and nodal segments excised from in vitro 
raised seedlings were used for multiplication. Maximum response was observed with nodal 
segments in MS macro salts + B 5 micro salts (Sreelatha et al, 2007). In contrast, according to 
Parveen et al., (2010), cotyledonary node gave the best response in MS medium 
supplemented with BA and NAA. Gharyal and Maheshwari (1990) used stem and petiole 
for in vitro propagation. Gharyal et al., (1983) used C. siamea for androgenesis also. 

3.2.2 Growth regulators 

Sreelatha et al., (2007) used the different medium MS, B5 and MS macro salts + B5 micro 
salts with various hormones alone or in combinations. 0.1mg/l Kn + 0.1 mg/1 TDZ + 2.0 
mg/1 2-iP gave the best response on MS macro salts + B5 microsalts in nodal explants. 
Parveen et al., (2010) found that MS medium augmented with 1.0 pM BA + 0.5 pM NAA 
was the best medium for multiple shoot regeneration in CN explants. B5 basal medium 
supplemented with 0.5 mg/1 IAA + 1 mg/1 BA gave the best response in stem segments 
(Gharyal and Maheshwari 1990). 

3.3 Cassia sophera Linn 

Cassia sophera Linn (Fabaceae) is an important medicinal plant. The whole plant extracts and 
leaves have expectorant properties, cures cough, asthma and acute bronchitis, anticancer 
and anti-inflammatory properties. They are specific to eliminate ring worms and also useful 
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in the treatment of gonorrhoea and syphilis. The bark is used in the treatment of diabetes; 
wounds and ascites (Anonymous, 1992). The root is administered internally with black 
pepper for snake bite. The seed extract exhibited important pharmacological effects like 
analgesic, hypnotic, sedative and antiepileptic effects (Bilal et al., 2005). Nature has provided 
us a rich store house of herbal remedies to cure most diseases. In vitro regeneration is the 
best alternative to overcome these hurdles. Conventionally C. sophera can be propagated 
through seeds. The seeds however remain viable for a short period and germinated poorly. 
Because of wide spectrum of its medicinal properties, Parveen and Shahzad (2010) has 
developed a protocol for rapid multiplication of this valuable plant through cotyledonary 
node, excised from in vitro raised seedlings. 

3.3.1 Explant types and growth regulators 

Cotyledonary node explants were cultured on Murashige and Skoog medium (MS) 
supplemented with thidiazuron (TDZ, 0.1 -10.0 pM). 2.5 pM TDZ proved to be optimal for the 
production of maximum number of shoots. For further multiplication and elongation, shoot 
clusters were transferred to various concentrations of BA. 1.0 pM BA showed better response. 

3.4 Cassia fistula Linn 

Cassia fistula Linn. (Caesalpiniaceae) commonly known as 'Indian Laburnum' has been 
extensively used in Ayurvedic system of medicine for various ailments. The whole plant 
possesses medicinal properties useful in the treatment of skin diseases, rheumatism, 
anorexia, jaundice, antitumour, antiseptic and antimicrobial (Kirtikar and Basu 1991) and 
antifungal activity (Gupta, 2010). It possesses hepatoprotective, anti-inflammatory and 
antioxidant activities (Ilavarasan et al., 2005). Both the leaves and pods were widely used in 
traditional medicine as strong purgative and laxatives (Kirtikar and Basu 1975, Elujoba et 
al., 1999) due to presence of sennoside (Van, 1976). In Ayurvedic medicinal system, it was 
used against various disorders such as pruritus, leucoderma, diabetes and other ailments 
(Satyavati and Sharma 1989, Alam et al.,1990, Asolkar et al.,1992). Leaves were also found 
effective against cough and ring worm infections (Chopra et al., 1956, Biswas and Ghose 
1973). It is also used in treating bone fracture (Ekanayak 1980). Kuo et al., (2002) have 
isolated and identified oxyanthraquinones, chrysophenol and chrysophanein from the 
seeds. Extensive studies have been carried out on its medicinal values and the synergistic 
actions. Patel et al., (1965) reported analgesic and antipyretic action. Mazumdar et al., (1998) 
reported sedative and analgesic action of C. fistula seeds. Gupta and Jain (2009) have 
reported hypolipidemic activity of this important legume. It has also been reported for anti¬ 
inflammatory (Suwal, 1993), hypoglycaemic activity (Alam et al., 1990; Esposito et al., 1991), 
antiperiodic (Kashiwada et al., 1990), anti rheumatic (Suwal, 1993), anti-tumor (Bodding, 
1983; Gupta et al., 2000), hepato-protective (Bhakta et al., 1999), antioxidant (Luximon 
Ramma et al., 2002; Sidduraju et al., 2002), anti fungal and anti bacterial activities (Patel and 
Patel, 1956; Ramakrishna and Indragupta, 1997; Dhar and Qasba, 1984; Perumal et al., 1998). 

3.4.1 Explant type and growth regulators 

There are only few reports available for in vitro regeneration of C. fistula. Gharyal and 
Maheshwari (1990) used the stem and petiole for shoot regeneration. Stem and petiole were 
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cultured on B5 basal medium supplemented with 2 mg/1 NAA + 0.5 mg/1 BA (medium a) 
or 0.5 mg/1 IAA + 1.0 mg/1 BA (medium b). Medium b gave the best response where well 
differentiated shoots were developed. 

3.5 Cassia obtusifolia L Syn Cassia tora 

It is also an important medicinal plant. The seeds are effective for insomnia, headache, 
constipation, oliguria, cough, opthalmia, dacryoliths, omblyopia and hypertension (Purohit 
and Vyas, 2005). The roots extract contain tannins, flovonoids, alkaloids (Olabiyi et ah, 
2008), betulinic acid, chrysophanol, physcion, stigmasterol and aloe-emodin (Yang et al., 
2006). Doughari et al, (2008) reported that leaf extracts contain the activity against both 
gram positive and gram negative bacteria and fungi that can therefore be employed in the 
formulation of antimicrobial agents for the treatment of various bacterial and fungal 
infections including gonorrhea, pneumonia, eye infections and mycotic infections. Also 
Joshi (2000) reported that the plant extract is antiviral, spasmolytic and diuretic used against 
epilepsy, scabies and sores. 

3.5.1 Explants and growth regulators 

Hasan et al., (2008) used shoot tips for callus induction and shoot regeneration. Shoot tips 
were cultured in MS medium supplemented with different concentrations and combinations 
of 2,4-D and Kn. 2.0 mgb 1 2,4-D + 0.2mgl-! Kn were found best for shoot induction as well as 
elongation. 

3.6 Cassia occidentalis Linn 

Cassia occidentalis (Linn) (Caesalpiniaceae) commonly known as Coffee Senna. It is an 
ayurvedic plant with huge medicinal importance. It is used for fever, menstrual problems, 
tuberculosis, diuretic, anemic, liver complaints ( Kritikar and Basu 1999). This weed has 
been known to possess antifungal and anti-inflammatory activity. An infusion of the bark is 
given in diabetes (Anonymous 1998). Leaf extracts have antibacterial (Jain et al., 1998 and 
Saganuwan and Gulumbe 2006), antimalarial (Arya et al., 2010), antimutagenic (Tona et al., 
1999 and Jafri et al., 1999), antiplasmodial (Sharma et al., 2000), anticarcinogenic (Tona et al., 
2004) and hepatoprotective (Sharma et al., 2000) and analgesic and antipyretic (Sini et al., 
2010) activity. A wide range of chemical compounds including achrosin, aloe-emodin, 
emodin, anthraquinones, anthrones, apigenin, aurantiobtusin, campesterol, cassiollin, 
chryso-obtusin, chrysophanic acid, chrysarobin, chrysophanol, chrysoeriol etc. have been 
isolated from this plant. Further, micropropagation of C. occidentalis Linn is being conducted 
in tissue culture laboratory of Botany department at AMU Aligarh. 

3.7 Cassia alata L. 

Cassia alata L. (Fabaceae) commonly known as Ringworm Bush is an erect medicinal shrub 
or small tree distributed mainly in the tropics and subtropics. The plant is a source of 
chrysoeriol, kaempferol, quercetin, 5,7,4'-trihydroflavanone, kaempferol-3-O-p-D- 
glucopyranoside, kaempferol-3-0-p-D-glucopyranosyl-(l->6)-p-D-glucopyranoside, 17- 
hydrotetratriacontane, n-dotriacontanol, n-triacontanol, palmitic acid ceryl ester, stearic 
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acid, palmitic acid (Liu et al., 2009). C. alata leaf is also credited for the treatment of 
haemorrhoids, constipation, inguinal hernia, intestinal parasitosis, blennorrhagia, syphilis 
and diabetes (Abo et ah, 1998; Adjanahoun et ah, 1991). The flowers and leaves are used for 
the treatment of ringworms and eczema. The other uses of C. alata are as an antihelminthic, 
antibacterial, laxative, diuretic, for treatment of snakebites and uterine disorders (Kirtikar 
and Basu, 1975). Besides the leaf extract of this species has shown several pharmacological 
properties such as antimicrobial, antifungal (Khan et al., 2001), antiseptic (Esimone et al., 
2008), anti-inflammatory, analgesic (Palanichamy and Nagarajan, 1990) and anti- 
hyperglycemic activities (Palanichamy et al., 1988). It contains therapeutic (Damodaran and 
Venkataraman, 1994) and anti-ageing activities (Pauly et al., 2002) also. 

3.7.1 Explant and growth regulators 

FettNeto et al., (2000) used cotyledonary node along with one third of the hypocotyl and 
cotyledons. The best result was obtained on 0.5 micro MS salts + 0.38 mgb 1 of BA and 0.005 
mgH IB A. 

3.8 Root development and acclimatization 

The induction of roots in vitro is an important step in plant micropropagation and genetic 
transformation. In vitro root induction from growing shoots has been achieved in standard 
media containing auxin and in media in the absence of auxin depending on plant genotype 
(Rout et al., 1989) (Fig. 2 A-C). There is marked variation in the rooting potential of different 
plant species and systematic trials are often needed to define the conditions required for 
root induction. Agrawal and Sardar (2006) examined the effectiveness of various auxins on 
rooting of C. angustifolia microshoots and found that 10.0 pM IBA was superior to IAA or 
NAA. However 200 pM IBA was best for ex vitro rooting in C. angustifolia (Parveen and 
Shahzad 2011). According to Parveen et al., (2010) 2.5pM IBA gave the maximum roots in C. 
siamea. Sreelatha et al., (2007) reported that NAA (1.0 mg/1) + IBA (0.25 mg/1) produced 
long and well developed roots in C. siamea. 0.1 mg/1 IAA exhibited the positive effect on 
root induction in C. fistula (Gharyal and Maheshwari 1990). 

Prolific rooting on in vitro grown microshoots is critical for the successful establishment of 
these shoots in the greenhouse or field. Plantlets were developed within the culture vessels 
under low level of light, aseptic conditions, on a medium containing sugar and nutrients to 
allow for heterotrophic growth and in an atmosphere with high level of humidity. These 
contribute a culture- induced phenotype that cannot survive the environmental conditions 
when directly placed in a greenhouse or field. The physiological and anatomical 
characteristics of micropropagated plantlets necessitate that they should be gradually 
acclimatized to the environment of the greenhouse or field (Fig 2 D, E). In C. siamea, 
Sreelatha et al., (2007) reported that when micropropagated plantlets were transferred to 
pots containing (3:1) vermiculite: sand under greenhouse conditions, about 40 % of the 
plants survived. A high survival 85 % was recorded when plantlets of C. siamea were 
transplanted into 1:1 sterilized garden soil and garden manure (Parveen et. al., 2010). 
Siddique and Anis (2007) noted the highest survival of C. angustifolia when the plants were 
maintained inside the growth room in sterile soilrite for 4 weeks and eventually transferred 
to natural soil. Approximately 70 % of rooted plants of C. obtusifolia survived in pots 
containing a 1:1:1 mixture of sterile sand, soil and farmyard manure (Hasan et al., 2008). 
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Plant name 

Explant 

Media/ 

Adjuvant 

PGRs 

used 

Response 

Optimal 

response 

No of 
shoots 

References 

Cassia 

angustifolia 

CN, N, 

St 

MS 

BA, Kn 

Direct and 
Indirect 

l.OpMBA 

2 

Agrawal and 
Sardar, (2003) 

C.angustifolia 

L, C 

MS 

2,4-D,BA, 

Kn,NAA 

Indirect 

5.0 pM BA+ 
0.5pM NAA 

12 

Agrawal and 
Sardar, (2006) 

C. angustifolia 

N 

MS 

BA, TDZ, 

IAA, 

NAA 

Direct 

5.0 pM TDZ+ 
1.0 pM IAA 

12 

Siddique and 
Anis, (2007a) 

C. angustifolia 

CN 

MS 

TDZ 

Direct 

1.0 pM TDZ 

17 

Siddique and 
Anis, (2007b) 

C. angustifolia 

C 

MS 

2,4-D, 

NAA 

,BA,Kn, 

2-iP 

Zeatin 

Somatic 

embryo 

10.0 pM 2,4-D+ 
2.5 pM BA or 
5.0 pM BA 

19 

Agrawal and 

Sardar 

(2007) 

C. angustiolia 

P 

MS 

2,4- 

D,TDZ, 
BA, Kn 

Indirect 

5.0 pM TDZ + 
1.5 pM IAA 

12 

Siddique et al., 
(2010) 

C. angustifolia 

R 

MS 

BA, Kn, 
TDZ 

IAA, 

NAA 

Indirect 

2.5 pMBA+ 0.6 
pM NAA 

24 

Parveen and 
Shahzad 
(2011) 

Cassia siamea 

A 

B5/ Cocon 
ut 

milk 

2,4-D, 

Kn 

Indirect 

2mg/l 2,4-D, 
0.5mg/l Kn, 
15% 

coconut milk 

Pollen 

Embry- 

oids 

Gharyal et al., 
(1983) 

C. siamea 

S,P 

B5/PVP, 

PVPP 

BA,IAA, 

NAA 

Indirect 

0.5 mg/1 IAA 
+ lmg/1 BA 

Only 

green 

Meriste 

moid 

Observed 

Gharyal and 
Maheshwari 
(1990) 

C. siamea 

St, CN, 

N 

MS macro 
salt 

+ B5 micro 
salt 

BA,Kn,2- 

iP, 

TDZ, 
NAA, 
IBA, IAA 

Direct 

0.1 mg/1 Kn+ 

0.lmg/1 TDZ+ 
2mg/l 2-iP 

20 

Sreelatha et al., 
(2007) 

C. siamea 

CN 

MS 

BA,Kn, 

TDZ 

Direct 

1.0 pM BA 
+0.5 pM NAA 

12 

Parveen et al., 
(2010) 

Cassia sophera 

CN 

MS 

BA, TDZ 

Direct 

1.0 pM BA 

14 

Parveen and 
Shahzad, (2010) 

Cassia fistula 

S,P 

B5/PVP,P 

VPP 

BA, 

NAA, 

IAA 

Indirect 

0.5 mg/1 IAA 
1.0 mg/1 BA 

- 

Gharyal and 
Maheshwari 
(1990) 

Cassia alata 

CN 

with 

H, C 

MS macro 

+ B5 

micro salt 

BA, 

NAA, 

IBA 

Indirect 

0.38mg/l BA, 
0.05 mg/1 IBA 


Fett Neto et al., 
(2000) 

Cassia 

obtusifolia 

St 

MS 

Kn, 2,4- 
D 

Indirect 

2mg/12,4-D+ 
0.2 mg/1 Kn 

5 

Hasan et al., 
(2008) 


Abbreviations: CN- Cotyledonary node, N- Nodal, St- Shoot tip, L- Leaflet, C- Cotyledon, P- Petiole, R- 
Root, A- Anther, S- Stem, H- Hypocotyl 


Table 1. In vitro multiplication of different Cassia species 
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Fig. 2. (A-E) A In vitro rooting of C. alata B&C. Ex vitro and In vitro rooting in C. occidentalis 
D&E. Acclimatized plants of C. alata and C. occidentalis. 

4. Conservation strategies used for the propagation 

Due to growing demand, the availability of medicinal plants to the pharmaceutical 
companies is not enough to manufacture herbal medicines. There is need to conserve the 
economically important plants. Tissue culture techniques have been used as tools for 
germplasm conservation of rare or threatened as well as medicinal plants (Zornig, 1996). 

The utilization of in vitro techniques for germplasm conservation is of great interest in plant 
species (Costa Nunes et al., 2003). The in vitro conservation can be for medium and long 
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periods. The conservation for a medium period is done by decreasing the growth of cultures. 
The long period conservation is done by cryopreservation techniques (Engelmann, 1998). 

The establishment of in vitro germplasm banks in developing countries has great 
importance, but these techniques must be associated with other plant genetic resources 
conservation practices (Engelmann, 1997). The in vitro conservation techniques allow 
material exchanges among germplasm banks and the germplasm keeps its sanitary 
conditions and viability during the transport (Ashmore, 1998). The powerful techniques of 
plant cell and tissue culture, recombinant DNA and bioprocessing technologies have offered 
mankind a great opportunity to exploit the medicinal plants under in vitro conditions. 

5. Conclusion and future prospects 

The biotechnological strategies have opened up new vistas in all aspects of plant germplasm 
characterization, acquisition, conservation, exchange and genetic resource management. 
Future prospects are highly encouraging in terms of the development and application of 
new techniques and protocols within the context of germplasm conservation. It is useful for 
multiplying the species which are difficult to regenerate by conventional methods and save 
them from extinction. Further, the technology delivery with effective dissemination 
channels has to play a major role in the commercial production of micropropagated plants, 
it surely needs to be revived and utilized in a broader spectrum rather than confined to 
publications. For instance, adoption of tissue culture technology will have to facilitate the 
use of genetically engineered plants as soon as they become available in near future. 
Furthermore, technology has always to be understood in a dynamic way. Recent 
developments in transgenic plants can have multidirectional benefits. The benefits range 
from manipulating generation time, plant protection, wood quality, production of 
compounds of pharmaceutical value and improvements to polluted soil. 
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1. Introduction 

Losses in agricultural production due to pests and diseases have been estimated at 37% of 
total production worldwide, with 13% due to insect pests (Gatehouse, 1998). Over the last 
decades, the use of chemical compounds, such as pesticides has been rapidly increased. 
Thus, the harmful effects of insecticides on non target organisms and environment are well 
documented in order to limit their use. This fact justifies the necessity for research and 
development of alternative approach to balance agricultural, environmental and health 
issues, in crop protection. The new alternative to chemical compound was the use of 
bacteria. Bacillus thuringiensis (Berliner) (Bt) and several strains of this bacteria were 
introduced as biopesticide to a wide range of insect pests. In recent years, due to increasing 
resistance of some insect pests to Bt, new approaches including the use of entomotoxic 
proteins has been proposed for the insect pest control (Aronson, 1994; Ferre and Rie, 2002; 
Janmaat and Myers, 2003). 

To date, there are many proteins with insecticidal properties that have been identified. These 
are lectins, ribosome-inactivating proteins, protease inhibitors, a-amylase inhibitors, arcelin, 
canatoxin-like protein, ureases and chitinases. Among them, lectins, ribosome-inactivating 
proteins, a-amylase inhibitors and protease inhibitors, have shown greater potential effects on 
biological parameters to a wide range of important insect pests and for exploitation in 
transgenic-based pest control strategies (Carlini et al., 2002; Vasconcelos et al., 2004). Other 
classes of plant secondary compounds which have been implicated in protection against insect 
attack include the steroids, terpenoids, glucosinolates, cyanogenic glycosides, rotenoids, 
flavanoids, phenolics, saponins and nonprotein amino acids (Gatehouse, 1991). Production of 
some of these compounds imposes a demonstrable metabolic cost on the plants, indicated by a 
reduced fitness in the absence of predation; this suggests that their production in the plant is a 
selective response to insect feeding (Baldwin, 1990). 

Therefore, the new efficient strategy to control insect pest has been based on toxic proteins 
such as lectins. Thus, the focus of the current chapter is to introduce and highlight 
insecticidal activity of some important lectins from plants and especially fungal lectins. 
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2. General role and behavior of lectins 

They are one of the most important secondary metabolites in plants which are used as a 
defense tool against pathogens which attack plants. According to Peumans & Van Damme 
(1995) definition "Lectins are a class of proteins of non-immune origin that possess at least 
one non-catalytic domain that specifically and reversibly bind to mono-or oligosaccharides". 
They are similar to antibodies in their ability to agglutinate red blood cells; however lectnis 
are not the product of immune system. They may bind to a soluble carbohydrate or to a 
carbohydrate moiety that is a part of a glycoprotein or glycolipid. These glycoproteins or 
glycolipid are multivalent and possess more than one sugar binding site (Lis & Sharon, 1998, 
Rudiger et al., 2001; Van Damme et al., 1998; Goldstein and Poretz, 1986). "Based on the 
overall domain architecture of plant lectins, four major groups can be distinguished: 
merolectins, hololectins, chimerolectins and superlectins" (Van Damme et al., 1998). 

They were first discovered more than 100 years ago by Stillmark (1888) and they are 
extensively distributed in nature and several hundred of these molecules have been isolated 
from different organisms (Peumans & Van Damme, 1995; Van Dam et al., 1998). They 
encompass different members that are diverse in their sequences, structures, binding site 
architectures, carbohydrate affinities and specificities as well as their larger biological roles 
and potential applications (Peumans & Van Damme, 1995; Van Dam et al., 1998; Chandra et 
al., 2006). Different roles and functions have been ascribed to lectins. The principal function 
of lectins are to act as recognition molecules within the immune system, storage proteins, 
cell surface adhesion and they have been implicated in defence mechanisms of plants 
against invading pathogens and pests (Peumans & Van Damme, 1995; Van Dam et al., 1998; 
Rudiger & Gabius, 2001; Trigueros et al., 2003). 

3. Principle of entomotoxic lectins 

Various lectins from different sources have already been found to be toxic towards 
important members of insect orders, including Lepidoptera (Czapla & Lang, 1990), 
Coleoptera (Gatehouse et al., 1984; Czapla & Lang, 1990) and Homoptera (Powell et al., 
1993; Sauvion et al., 1996). The harmful effects of lectins on biological parameters of insects 
are larval weight decrease, mortality, feeding inhibition, delays in total developmental 
duration, adult emergence and fecundity on the first and second generation (Powell et al., 
1993; Habibi et al., 1993). Also insecticidal activity of some lectins against many important 
pest insects has been well documented showing their ability to be used as bio-pesticides 
(Gatehouse et al., 1995; Powell, 2001; Carlini & Grossi-de-Sa', 2002) (Table 1). Currently, the 
promising methods for plant resistance against insects attack is exploiting the potential 
toxicity of plant and the other organisms including fungal lectins towards some of the 
economically insect pests (Foissac et al., 2000; Carlini et al., 2002; Trigueros et al., 2003; 
Sauvion et al., 2004, karimi et al., 2007). Therefore our more attention on the ability of lectis 
as natural product of plants will be one of the good alternatives to chemical compound to 
control of insect pests. 

4. Plant lectins 

Lectins are a group of proteins that are found in plants and they discourage predation by 
being harmful to various types of insects and animals that eat plants. During the last two 



Lectins and Their Roles in Pest Control 


209 





Lectin (plant source) Insect 

Host 

Reference 


Mannose specific 


ASA ( Allium sativum) 

Laodelpha striatellus (rice 
small brown planthopper); 
Nilaparvata lugens (rice 

Rice 

Powell et al., 1995 


brown planthopper); 

Myzus persicae (peachpotato 

Peach, potato 

Sauvion et ah, 1996 


aphid) 

Dysdercus cingulatus (red 

Cotton, okra, maize. 

Roy et al., 2002 


cotton bug); D. koenigii (red 
cotton bug) 

pearl 


ASA l, II 

D. cingulatus; D. koenigii 

Cotton, okra, maize, 
millet 

Roy et al., 2002 

ASAL ( Allium sativum— 

D. cingulatus; Lipaphis erysimi 

Cotton, okra, maize. 

Bandyopadhyay et 

leaf) 

(mustard aphid) 

pearl 

al.. 




2001 

CEA ( Colocasia 

D. cingulatus; D. Koenigii 

Cotton, okra, maize. 

Roy et al., 2002 

esculenta) 


pearl 


DEA ( Differenbachia 

D. Cingulatus; D. Koenigii 

Cotton, okra, maize. 

Roy et al., 2002 

sequina) 

Callosobruchus maculatus 

pearl 

Cowpea 

Gatehouse et al.. 

GNA ( Galanthus nivalis ) 

(bruchid weevil) 

Acyrthosiphon pisum (pea 

Pea 

1991 


aphid) 

Sugarcane 

Rahbe' et al., 1995 


Antitrogus sanguineus 


Allsopp and 


(sugarcane whitegrub) 

Potato 

McGhie, 


Aulacorthum solani 


1996 


(glasshouse potato aphid) 

Peach, potato 

Down et al., 1996 


M. persiacae 

Tomato 

Sauvion et al., 1996 


Lacanobia oleracea (tomato 
moth) 

Cowpea 

Fitches and 
Gatehouse, 

1998; Fitches et al.. 


Maruca vitrata (legume pod- 
bore) 

Taro 

2001a 



Rice 

Machuka et al., 1999 


Tarophagous proserpina 
(taro planthopper) 

Rice 

Powell, 2001 


L. striatellus 


Loc et al., 2002 


N. lugens 


Powell et al., 995, 
1998; Loc et al., 2002 

KPA ( Koelreuteria 

Anagasta kuehniella 

Beans, grains, fruits. 

Macedo et al., 2003 

paniculata) 

(Mediterranean flour moth); 

C. maculatus 

nuts 


LOA ( Listera ovata) 

M. vitrata 

Cowpea 

Machuka et al., 1999 

NPA ( Narcissus 

N. lugens, 

Rice 

Powell et al., 1995 

pseudonarcissus) 

M. persiacae 

Peach, potato 

Sauvion et al., 1996 
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Mannose/glucose 

specific 

A. pisum 

Pea 

Rahbe' and Febvay, 

ConA(Canavalia 

ensiformis) 

A. pisum 

Pea 

1993 


Aphis gossypii (cotton and 

Cotton, mellon 

Rahbe' et al., 1995 


melon aphid) 

Aulacorthum solani (glasshouse 
and potato aphid) 

Macrosiphum albifrons 
(lupin aphid) 

Macrosiphum euphorbiae 
(potato aphid) 

Potato 

Lupin 

Apple, bean, broccoli, 
papaya 

Rahbe' et al., 1995 

Rahbe' et al., 1995 

Rahbe' et al., 1995 

Rahbe' et al., 1995 



M. persiacae 

Peach, potato 

Rahbe' et al., 1995; 
Sauvion et al., 1996; 
Gatehouse et al.. 


L. oleracea 

Tomato 

1999 

Fitches and 
Gatehouse, 


T. proserpina 

Taro 

1998; Gatehouse et al., 
1999; Fitches et 
al.,2001a 

Powell et al., 2001 

LCA (Lens culinaris) 

A. pisum 

Pea 

Rahbe' et al., 1995 

PSA (Pisum sativum) 

A. pisum 

Pea 

Rahbe' et al., 1995 


Hypera postica (clover leaf weevil) 

Alfafa, lucerne 

Elden, 2000 

N-acetyl-D- 
glucosamine specific 

A. pisum 

Pea 

Rahbe' et al., 1995 

ACA (Amaranthus 
caudatus) 

BSA (Bandeiraea 

Diabrotica undedmpunctata 

Corn 

Czapla and Lang, 

simplicifolia) 

(Southern corn rootworm); 
Ostrinia nubilaris 


1990 


(European corn borer) 



BSAII 

A. pisum 

Pea 

Rahbe' et al., 1995 

GSII (Griffonia 

C. maculatus 

Cowpea 

Zhu et al., 1996; 

simplicifolia) 



Zhu-Salzman et al., 
1998; Zhu-Salzman 
and Salzman, 2001 

PAA (Phytolacca 

D. undedmpunctata; O. 

Com 

Czapla and Lang, 

americana) 

nubilaris 


1990 

TEL (Talisia escidenta) 

C. maculatus; Zabrotes 
subfasciatus 

(Mexican dry bean weevil) 

Beans 

Macedo et al., 2002 

WGA (Triticum 

D. undedmpunctata; O. 

Com 

Czapla and Lang, 

aestivum) 

nubilaris 

Sugarcane 

1990 


Antitrogus sanguineus ( 


Allsopp and 


sugarcane whitegrub) 

Alfafa 

McGhie, 1996 


H. postica 

Mustard 

Elden, 2000 


L. erysimi 


Kanrar et al., 2002 



Lectins and Their Roles in Pest Control 


211 


Galactose specific 


AHA ( Artocarpus 

Tribolium castaneum (red flour 

Large number of 

Gurjar et al., 2000 

hirsuta) 

beetle) 

grains 


AIA ( Artocarpus 

D. undecimpunctata; O. 

Corn 

Czapla and Lang, 

integrifolia) 

nubilaris 


1990 

GHA ( Glechoma 

Leptinotorsa decemlineata 

Potato 

Wang et al., 2003 

liederacea - leaf) 

(Colorado 
potato beetle) 



RCA120 (Ricinus 

D. undecimpunctata; O. 

Corn 

Czapla and Lang, 

communis) 

nubilaris 


1990 

YBA ( Sphenostylis 

Clavigralla tomentosicollis 

Vigna spp 

Okeola and 

stenocarpa) 

(coreid bug) 


Machuka, 


C. maculatus; M. vitrata 

Cowpea 

2001 

Machuka et al., 2000 

N-acetyl-D- 
galactosamine specific 

A. pisum 

Pea 

Rahbe' et al., 1995 

ACA ( Amaranthus 
caudatus) 

BFA ( Brassica 

Brevicoryne brassicae (cabbage 

Broccoli, 

Cole, 1994 

fructiculosa) 

aphid) 

Brusselessprous, 
cauliflower, head 
cabbage 


BPA ( Baidiinia purpurea) 

D. undecimpunctata; O. 

Corn 

Czapla and Lang, 


nubilaris 


1990 

CFA (Codium fragile) 

D. undecimpunctata; O. 

Corn 

Czapla and Lang, 


nubilaris 


1990 

EHA (Eranthis hyemalis) 

D. undecimpunctata 

Corn 

Kumar et al., 1993 

MPA ( Maclura pomifera) 

D. undecimpunctata; O. 

Corn 

Czapla and Lang, 


nubilaris 


1990 

PTA (Psophocarpus 

C. maculatus 

Cowpea 

Gatehouse et al.. 

tetragonolobus) 

N. lugens 

Rice 

1991 

Powell, 2001 

SNA-II ( Sambucus 
nigra) 

A. pisum 

Pea 

Rahbe' et al., 1995 

VVA 

D. undecimpunctata; O. 

Corn 

Czapla and Lang, 


nubilaris 


1990 

Complexb 

PHA ( Phaseolus 

L. hesperus (Western tarnished 

Cotton, alfafa. 

Habibi et al., 2000 


vulgaris) 


plant bug) 


legumes 


a Sugar specificity is represented by the best monosaccharide inhibitor. 

b Complex carbohydrate structure bearing terminal galactose residues (Goldstein and Poretz, 1986). 


Table 1. Plant lectins with oral toxicity to insects (Adapted from Vasconcelos et al., 2004) 


decades, important progress has been made in the study of the activity of plant lectins 
against pathogens, nematodes and especially insect pests (Ma et al, 2010; Peumans and Van 
Damme, 1995; Vasconcelos and Oliveira, 2004). The best-characterized family of plants 
lectins are Fabaceae, Poaceae and Solanaceae; especially some of leguminous seeds have a 
remarkable amount of lectin. Different food crops such as tomato, wheat, rice, potato, 
soybean and bean contain lectins. The great majority of the plant lectins are present in seed 
cotyledons but a lot of them are also found in the protein bodies such as roots, leaf, stems, 
rhizomes, bark, bulbs, tubers, corms, fruits, flowers, ovaries, phloem sap, latex, nodule and 
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even in nectar (Van Damme et al., 1998). Plant lectins function as storage proteins and they 
have been implicated in defence mechanisms against phytophagus insects (Powell et al., 
1993; Peumans & Van Damme, 1995; Van Damme et al., 1998; Rudiger & Gabius, 2001; 
Gatehouse et al., 1995; Powell, 2001; Carlini & Grossi-de-Sa', 2002; karimi et al., 2010). 
Various plants lectins have already been found to be toxic towards important members of 
insect orders, including Coleoptera (Gatehouse et al., 1984), Lepidoptera (Czapla & Lang, 
1990) and Homoptera (Powell et al., 1993; Sauvion et al., 1996) (Table 1). The first lectin to be 
purified on a large scale and was available on a commercial basis was Concanavalin A; 
which is now the most well- known lectin to control of some pest insects (Fig. 1A). Now a 
wide range of plant lectins have been successfully examined for their negative effects on the 
life parameters of some economically pest insects (Gatehouse et al., 1995; Powell, 2001; 
Foissac et al., 2000; Couty et al, 2001b; Sauvion et al., 2004; karimi et al., 2007; Shahidi- 
Noghabi et al., 2008,2009) (Table 1). 



Fig. 1. (A). Canavalia ensiformis, or Jack-bean (Common name), is a legume plant in the 
Fabaceae family of which is used for animal fodder and human nutrition, especially in Brazil. 

It is also the source of concanavalin A lectin. (B) Galanthus nivalis or snowdrop (Common 
name), is the best-known and most widespread representative plant in the Amaryllidaceae 
family. (Figures from Wikipedia, (A) Canavalia ensiformis, (B) Galanthus nivalis) 

Three mannose-binding specific lectins include Galanthus nivalis (GNA), Narcissus 
pseudonarcissus (NPA) and Allium sativum(ASA) were assayed in artificial diets for their toxic 
and growth-inhibitory effects on nymphal development of the peach-potato aphid, Myzus 
persicae. Results showed that the snowdrop lectin (GNA) was the most toxic, with an 
induced nymphal mortality of 42% at 1500 pg/ml and an median insect toxicity value IC 50 
(50% growth inhibition) of 630 pg/ml (Fig. IB). But daffodil lectin (NPA) and a garlic lectin 
(ASA) induced no significant mortality in the range of 10-1500 pg/ml (Sauvion et al., 1996). 
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Obtained results from the effects of Canavalia ensiformis agglutinin (Con A) and Galantus 
nivalis agglutinin (GNA) on the developmental period and fecundity of the peach-potato 
aphid, Myzus persicae showed that adult survival was not significantly altered, but both 
lectins adversely affected total fecundity and developmental period (Sauvion et ah, 1996). 
Later, the same assay was performed to evaluate the efficiency of Con A in pea aphid, 
Acyrthosiphon pisum. Results showed that Con A has highly significant toxic effects on A. 
pisum. It also induced remarkable effects on the structure of midgut epithelial cells of this 
aphid (Sauvion et al., 2004). These results clearly show that plants lectins play a crucial role 
in plant resistance against insect pests. 

5. Transgenic plants with insecticidal lectin gene 

Among plant lectins presented in table (1) as entomotoxic lectins some of which especially 
GNA, WGA, PSA, PHA and ConA were more successfully expressed in a range of crops such 
as Tomato, Rice, Sugarcane, Tobacco, Maize, Mustard and Arabidopsis (Table 1) and they have 
been shown to exert deleterious effects on a range of important pest insects (Maddock et al., 
1991; Kanrar et al., 2002; Boulter et al., 1990c; Bell et al., 1999, 2001; Down et al., 2001; Maqbool 
et al., 2001; Sun et al., 2002; Wu et al., 2002; Setamou et al., 2002; Down et al., 1996; Fitches et 
al., 1997, 2001; Rao et al., 1998; Foissac et al., 2000). Currently, the two major groups of plant 
derived genes used to confer insect resistance on crops are lectins and inhibitors of digestive 
enzymes (proteases and amylase inhibitors). Lectins have been introduced into crops 
genomes and are now being tested in field conditions (Gatehouse et al., 1993; Hilder et al., 
1987; Hilder et al., 1999; Carlini et al., 2002; Schuler et al., 1998; Ranjeker et al., 2003; Schnepf & 
whitely, 1981; Smith & Boyko, 2006; Christou et al., 2006; Wang, 2006; Zhao, 2006; Ferry, 2006). 
Also, for the first time Jjanhong et al (2003) reported that transgenic tobacco expressing 
Pinellia temata agglutinin (pta) gene induced enhance level of resistance to M. persicae. 
Additionally, crops have been engineered to express a range of insect-plant resistance (Table 
2 ), and have been shown to confer enhanced levels of resistance to different order of insect 
pests including lepidopteran (Gatehouse et al., 1997), and homopteran (Down et al., 1996; 
Gatehouse et al., 1996), when expressed in wheat. Transgenic plants technology or genetically 
modified (GM) crops can be a useful tool to produce resistant crops; by introducing novel 
resistance genes into plants thus it provides a sustainable alternative to the control of pest 
insects and pathogens by pesticides (Gatehouse et al., 1997; 1999; Gray et al., 2003). 

On the whole, transgenic plants expressing high levels of lectins exhibited some degree of 
resistance to the target insects. Some of lectins such as GNA, WGA and ConA have been 
succefuly expressed in plants to confer resistence pest insects (Table 2) (Powell et al., 1995; 
Down et al., 1996; Bandyopadhyay et al., 2001). 

6. Fungal lectins with insecticidal activity 

Mushrooms contain various potential interesting proteins, including lectins in their organs 
such as mycelium, spores and fruiting bodies (Wang et al., 1998; 2002; Ng, 2004; Nelson & 
Cox, 2005). For many years, all investigations were only focused on plant lectins with 
insecticidal activity. Even though lectins are found in many kinds of organisms such as 
fungi, but there is little information about their toxicity on phytophagus insects. Therefore, 
at present our knowledge about insecticidal activity of fungal lectins is limited. Due to lack 
of sufficient knowledge, one of the aims of this chapter is to introduce and highlight the 
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fungal lectins with insecticidal activity. Recently, important progress is made in the study of 
the fungal lectins against pathogens, especially pest insects (karimi et al., 2007 and 2008; 
Hamshou et al., 2010; Francis et al., 2011). Many lectins have been derived from different 
fungi and partially isolated and characterized for their effects on mammalian physiology as 
antitumor and anticancer, but there is little information on their role on phytophagous 
insects (Wang et al., 2002; Trigueros et al., 2003, Karimi et al., 2008). 

Transformed plant 

Lectina 

Target pest 

Reference 

Maize 

WGA 

Ostrinia nubilaris;Diabrotica 
undecimpunctata 

Maddock et al., 1991 

Mustard (B. juncea) 

WGA 

Lipaphis erysimi 

Kanrar et al., 2002 

Arabidopsis thaliana 

PHA-E, Lb 

Lacanobia oleracea 

Fitches et al., 2001b 

Potato 

GNA 

Aulacorthum solani 

Down et al., 1996 

Potato 

GNA 

Myzus persicae 

Gatehouse et al., 1996; 

Couty et al., 2001b 

Potato 

GNA 

L. oleracea 

Fitches et al., 1997; 
Gatehouse et al., 1997 

Potato 

GNA 

L. oleracea 

Bell et al., 1999, 2001; 

Down et al., 2001 

Potato 

GNA 

Apliidius ervi (parasitoid of M. 
persicae) 

Couty et al., 2001b 

Potato 

ConA 

L. oleracea; M. persicae 

Gatehouse et al., 1999 

Rice 

GNA 

Nilapaivata lugens 

Rao et al., 1998; Foissac et 
al., 2000; Tinjuangjun et 
al., 2000; Maqbool et al., 
2001; Tang et al., 2001; Loc 
et al., 2002 

Rice 

GNA 

Nephotettix virescens (green 
leafhopper) 

Foissac et al., 2000 

Rice 

GNA 

Cnaphalocrocis medinalis (rice 
leaffolder); Sciipophaga 
incertulas(yellow stemborer) 

Maqbool et al., 2001 

Rice 

GNA 

Laodelpltax striatellus (rice small 
brown planthopper) 

Sun et al., 2002; Wu et al., 
2002 

Sugarcane 

GNA 

Eoreuma loftini (Mexican rice borer); 
Diatraea saccharalis (sugarcane borer) 

Setamou et al., 2002 

Sugarcane 

GNA 

Parallorhogas pyralophagus (parasitoid 
of E. loftini) 

Tomov and Bernal, 2003 

Tobacco 

PSA 

Heliothis virescens (tobacco budworm) 

Boulter et al. 1990c 

Tobacco 

GNA 

M. persicae 

Hilder et al., 1995 

Tobacco 

GNA 

Helicoverpa zea (cotton bollworm) 

Wang and Guo, 1999 

Wheat 

GNA 

Sitobion avenae (grain aphid) 

Stoger et al., 1999 


a: For lectin abbreviations see Table 1. 

c: First demonstration of insect enhanced resistance of transgenic plants expressing a foreign lectin. 


Table 2. Transgenic plants with lectin genes to confer resistance against insects (Adapted 
from Vasconcelos et aL, 2004) 

Some lectins from fungi including Xerocomus ckrysenteron (XCL), Arthrobotrys oligospora 
(AOL) and Agaricus bisprous (ABL) have been isolated and all are well known for their 
reversible antiproliferative effects. But, only XCL has shown significant effects and exhibited 
a higher insecticidal activity on the some orders of insect pests, such as dipteran (Drosophila 
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melanogaster) and homopteran ( Myzus persicae and Acyrthosipon pisum (Trigueros et al., 2003; 
Karimi et al., 2008). Later, effect of this edible wild mushroom (Fig. 1) was evaluated on 
M. persicae aphid by Karimi et al (2008) and obtained results showed that the sub lethal 
dose of XCL (<50 pg/ml) has significant effects on biological parameters (larval weight, 
developmental period and fecundity) of M. persicae in compare with sub lethal dose of Con A 
(<50 pg/ml) on biological parameters of this aphid under laboratory conditions (Abbott, 1925; 
Karimi et al., 2008), (Table 3 and Fig. 3A). 

Recently, the results from insecticidal properties of Sclerotinia sclerotiorum agglutinin (SSA) and 
its interaction with pea aphid, Acyrthosiphon pisum tissues and cells showed that this fungal 
lectin has high mortality on A. pisum with a median insect toxicity value (IC 50 ) of 66 pg/ml. 
Also these results revealed that SSA has significant cell toxicity on A. pisum midgut tract and 
its brush border cells (Hamshou et al., 2010) (Fig. 2). Moreover, a purified lectin from 
Rhizoctonia solani agglutinin (RSA), which exhibits specificity towards N-acetyl/galactosamine, 
was shown to exert deleterious effects on the growth, developmental time, survival and the 
larval weight of the cotton leaf worm, Spodoptera littoralis (Hamshou et al, 2010). 

More recently, another new mannose- specific lectin with insecticidal activity has been 
successfully purified from Penicillum chrysogenum (PeCL). This lectin has high insecticidal 
activity on aphids, especially to M. persicae in comparison with well-known plant lectins, 
ConA. (Francis et al, 2011; karimi et al., 2006, 2007 and 2008), (Table 3 and Fig. 3B). 

Consequently until now, several mushroom lectins including, Xerocomus chrysenteron lectin 
(XCL), Penicillum chrysogenum lectin ((PeCL) and Sclerotinia sclerotium agglutinin (SSA) have 
shown greater potential effects on some important pest insects such as Myzus persicae, 
Acyrthosipon pisum and Spodoptera littoralis compare to well known lectins such as ConA and 
GNA (Trigueros et al., 2003; karimi et al., 2006, 2007, 2008; Hamshou et al., 2010; Francis et 
al., 2011). As a result, it is concluded that fungal lectin will be able to confer enhanced level 
of resistance in plants against their phytophagous insects. 

7. Action mechanism of lectin at the tissue level of insects 

Investigation on the lectin toxicity at the cellular level in insects were initiated 24 years ago, 
when Gatehouse et al. (1984) firstly reported the binding of Phaseolus vulgaris lectin (PHA) to 
midgut epithelial cells of the cowpea weevil, Callosobruchus maculatus. In fact, the mode of 
action for each lectin at the tissue level of ingested lectin organisms is depended on presence 
of appropriate carbohydrate moieties on the organ surface and the ability of lectin to bind 
them (Fitches et al., 2001a; 2001b). 

In general, the action mechanism of the lectin at cellular level of ingested lectin by insects 
showed that binding of the lectin to the midgut tract causing disruption of the epithelial 
cells including elongation of the striated border microvilli, swelling of the epithelial cells 
into the lumen of the gut lead to complete closure of the lumen, permeability of cell 
membrane to allow the harmful substances penetrations from lumen towards haemolymph 
and impaired nutrient assimilation by cells, allowing absorption of potentially harmful 
substances from lumen into circulatory system, fat bodies, ovarioles and throughout the 
haemolymph (Gatehouse et al., 1984; Powell et al., 1998; Habibi et al., 1998; 2000; Fitches et 
al., 1998; 2001b; Sauvion et al., 2004; Majumder et al., 2005). This information gave further 
support to previous suggestions that the XCL lectins disrupt midgut cells (Francis et al., 
2003; Karimi et al., 2008, 2009). Lectins are highly specific for binding to oligosaccharides, 
hence if specific carbohydrate is in the surface of tissue it can bind to them and it is believed 
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Fig. 2. Effect of different concentrations of SSA on insect midgut CF-203 cells. Cells were 
incubated for 4 days at 27°C. (A) Control, (B) Treated cells with 25 mg/ml SSA, (C) SSA 
toxicity towards CF-203 midgut cells. Cell toxicity was measured using an MTT assay after 4 
days of exposure to SSA at various concentrations. Data are presented as mean percentages 
of cell toxicity ± SEM compared to the control, and based on four repeats and the 
experiments were repeated two or three times. Values with a different letter are significantly 
different after a post hoc Tukey Kramer test (p Vi 0.05) (Figure from Hamshou et al., 2010). 


Lectin (fungal source) 

Insect 

Host 

Reference 

N-acetyl-D-galactosamine 



specific 




XCL(Xerocomus chrysenteron) M. persicae, Acyrthosipon 

Peach, potato. 

Trigueros, et al.. 


pisum 

Pea 

2003; 


Drosophila melanogaster 


Karimi et al., 2008 

SSA ( Sclerotinia sclerotium) 




Acyrthosipon pisum 

Pea 

Hamshou et al.. 




2010 b 

RSA ( Rhizoctonia solani 

Spodoptera littoralis 

cotton 

Hamshou et al.. 

agglutinin) 



2010 a 

Mannose specific 




PeCL(penicillum 

M. persicae, Acyrthosipon 

Peach, potato. 

Francis et al.. 

chrysogenum) 

pisum 

Pea 

2011 


Table 3. Fungal lectins with insecticidal activity (Karimi et al., 2011) 
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Fig. 3. (A) Xercomus chrysenteron fungus naturally growth in forest. It is a small, edible wild 
mushroom in the Boletaceae family and has a cosmopolitan distribution, concentrated in 
cool-temperate to subtropical regions. (B) Penicillums chrysogenum fungus growth in 
medium culture. It can be found on salted food products as well as indoor environments, 
especially in damp or water damaged buildings. This fungus is in the Tricocomaceae family. 
To date is used as anti bacterial disease. (Figures from Wikipedia, (A) Xercomus chrysenteron, 
(B) Penicillums chrysogenum ) 

that these cell-surface receptors are responsible for lectin binding. Thus, it could be 
concluded that the action mechanism of various lectins at the cellular levels of insects differs 
between different insect species (FFabibi et al., 2000; Fitches et al., 2001a; Sauvion et al., 2004; 
Karimi et al., 2009). Consequently, the action mechanism of the lectin at the cellular level of 
insect are not clearly elucidated yet and the information is scarce. 

8. Indirect effects of lectins on pests control 

In some case lectin have an indirect remarkable effects; such as interaction with virus 
transmission and synergistic effects on the other proteins. 

8.1 Interaction with virus transmission 

In general some of insects such as aphids transmit virus from infected plant to non infected 
plants. Some lectins such as mannose-binding lectins are able to bind to carbohydrate on 
micro-organisms. Circulatory viruses contain numerous N-linked glycosylation sites on 
their surface cells. Many of these sites contain high-mannose glycans which could interact 
with mannose-binding lectin such as ConA (Gray et al., 1999; Brisson and Stern, 2006; 
Hogenhout et al., 2008; Desoignies, 2008; Thielens et al., 2002; Pereira et al., 2008; Naidu et 
al., 2004; Dimitrov, 2004; Garret et al., 1993; Wei, 2007). 
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8.2 Synergistic effects on other proteins 

Sometimes the combinations effects of two or several entomotoxic proteins could be more 
efficient than the application of these proteins individually. For example, the insecticidal 
activity of protease inhibitor and a-amilase inhibitors were significantly increased when 
these inhibitors enzymes incorporated with lectin (Abdeen et al., 2005; Amirhusin et al., 
2004; Murdock & Shade, 2002). Maqbool et al. (2001) reported that rice transgenic plant 
carrying three insecticidal genes including lectin gene (encoding gene GNA), crylA and cry 
2A, have enhanced levels of resistance to a wide range of different rice pests in comparison 
with non transgenic rice. Therefore, this approach will be one of the supplemented 
advantages to lectin applications in integrated pest management (IPM). 

9. Conclusion 

The aim of the current chapter was to present up to date information regarding effects of 
the lectins especially introducing the fungal lectins as natural agents to control insect 
pests. In recent years due to increasing the harmful effects of chemical compounds on non 
target organisms and our environment, a safe alternative to this approach is inevitable. 
Actually, lectins could be alternatives to chemical compounds for the pests control. 
Results from different investigations were shown that plant lectins as well as fungal 
lectins could be good candidates to be applied in the agriculture by biotechnologist in 
order to control insect pest. 
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1. Introduction 

During the evolution, plants have developed strategies to maintain favorable growth and 
also guarantee their survival. Enhancing the protective mechanisms, for example, is one of 
these strategies that allow them to successfully tolerate/resist insects, phytopathogenic 
microorganisms, and other unfavorable conditions (Jackson and Tailor, 1996; Malek and 
Dietrich, 1999; Stotz et al, 1999). Proteinaceous molecules such as a-amylase inhibitors (a- 
AI) and proteinase inhibitors (Pis), lectins, some hydrolyzing enzymes (e.g. b-1,3- 
glucanases and chitinases), and also antimicrobial peptides, are important part of 
protective mechanisms in plants (Fritig et al., 1998; Howe, 2008). Host plant resistance and 
natural plant products offer a potentially benign method for insect pest control. They are 
safe to the non-target beneficial organisms and human beings (Andow, 2008). This kind of 
plant resistance can be utilized as an economic means to reduce crop losses arising from 
insect pest. The wild accessions of wheat and barley do not have effective resistance and 
therefore plant traits that contribute to pest resistance need to be reinforced using new 
approaches. Thus, using the new control methods are needed such as a-amylase 
inhibitors, protease inhibitors, lectins and possibly 5-endototoxin (Sharma and Ortiz, 
2000 ) to diminish reliance on insecticides. 

In recent years, attentions have been focused on the idea of using digestive enzyme 
inhibitors that affect the growth and development of pest species (Mehrabadi et al., 2010, 
2011, 2012). Inhibitors of insect a-amylase, proteinase and other plant proteins have already 
been demonstrated to be an important biological system in the control of insect pests 
(Chrispeels et al., 1998; Gatehouse and Gatehouse, 1998; Morton et al., 2000; Valencia et al., 
2000; Carlini and Grossi-de-Sa', 2002; Svensson et al., 2004; Barbosa et al., 2010). Different 
types of proteinaceous a-AIs are found in microorganisms, plants and animals. Cereals such 
as wheat, barley, rye, rice and sorghum contain small amylase inhibitors about 18 kDa in 
size (Abe et al., 1993; Feng et al., 1996; Yamagata et al., 1998; Iulek et al., 2000). There are 
different kinds of inhibitors that potentially are a good source of a-amylases inhibitors that 
could be used against insect pest (Franco et al. 2002; Svensson et al., 2004). They show 
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diverse structural differences thus causing different mode of actions and diverse specificity 
against target enzymes. Different a-amylase inhibitors have different modes of action 
against a-amylases for example inhibitors extracted from cereals and beans (Phaseolus 
vulgaris) have different molecular structures, leading to different modes of inhibition and 
different specificity against a diverse range of a-amylases. Specificity of inhibition is an 
important issue as the introduced inhibitor must not adversely affect the plant's own a- 
amylases or human amylases and must not change the nutritional value of the crop 
(Franco et al. 2002; Svensson et al., 2004). 

Proteinase inhibitors are capable of interfering with insect protein digestion by binding to 
digestive proteases of phytophagous insects, resulting in an amino acid deficiency thus 
affecting insect growth and development, fecundity, and survival (Lawrence and Koundal 
2002; Oppert et al. 2003; Azzouz et al. 2005). They along with a-amylases inhibitors 
constitute major tools for improving the resistance of plants to insects. Transgenic plants 
expressing serine and systeine proteinase inhibitors have shown resistance to some insect 
pest species including Lepidoptera and Coleoptera (De Leo et al. 2001; Falco and Silva- 
Filho 2003; Alfonso-Rubi et al. 2003). Pis are the products of single genes, therefore they 
have practical advantages over genes encoding for complex pathways and they are 
effective against a wide range of insect pests, i.e. transferring trypsin inhibitor gene from 
Vigna unguiculata to tobacco conferred resistance against lepidopteran insect species such 
as Heliothis and Spodoptera, and coleopteran species such as Diabrotica and Anthonomus 
(Hilder et al. 1987). 

2. Insect a-amylases 

a-Amylases (a -l,4-glucan-4-glucanohydrolases; EC 3.2.1.1) are one of the most widely 
enzyme complexes encountered in animals, higher and lower plants, and microbes. 
Because of their importance in organism growth and development, these enzymes from 
different origins including bacteria, nematodes, mammals and insects have been purified 
and their physical and chemical properties characterized (Baker, 1991; Nagaraju and 
Abraham, 1995; Zoltowska, 2001; Rao et al., 2002; Valencia et al., 2000; Mendiola-Olaya et 
al., 2000; Oliveira-Nato et al., 2003 Mohammed, 2004; Bandani et al, 2009; Mehrabadi et al, 
2009). Many phytophagus insects, like stored product insects, live on a polysaccharide-rich 
diet and are dependent on their a-amylases for survival (Mendola-Olaya et al. 2000; Boyd 
et al. 2002; Mehrabadi et al, 2011). They convert starch to maltose, which is then hydrolyzed to 
glucose by a-glucosidase. In insects, only a-amylases that hydrolyse a-1,4- glucan chains such 
as starch or glycogen have been found (Terra et al. 1999). 

According to Terra and Ferreira (1994), insect a-amylases generally have molecular weights 
in the range 48-60 kDa, pi values of 3.5-4.0, and K m values with soluble starch around 
0.1%. pH optima generally correspond to the pH prevailing in midguts from which 
the amylases were isolated. Insect amylases are calcium-dependent enzymes, and are 
activated by chloride with displacement of the pH optimum. Activation also occurs 
with anions other than chloride, such as bromide and nitrate, and it seems to depend 
upon the ionic size (Terra and Ferreira, 1994). 

Although the sequences of several insect a-amylases are known, the best characterized 
insect a-amylase whose 3D-structure has been resolved is Tenebrio molitor (TMA) a- 
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amylase. The three-dimensional model of TMA consists of a single polypeptide chain of 
471 amino acid residues, one calcium ion, one chloride ion and 261 water molecules. The 
enzyme consists of three distinct domains, A (residues 1 to 97 and 160 to 379), B (residues 
98 to 159) and C (residues 380 to 471) (Strobl et al, 1998). A representation of the overall 
polypeptide folds, as well as the location of the bound ions and the residues presumably 
involved in catalysis. Domain A is the central domain with (P / a)s-barrels comprises the 
core of the molecule and also includes the catalytic residues (Asp 185, Glu 222 and Asp 
287). Two other domains (Domains B and C) are opposite each other, on each side of 
domain A. The Ca2 + binding site in TMA is located at the interface of the domain A 
central p-barrel and domain B. This ion is important for the structural integrity of TMA. 
TMA has also chloride-binding site on the same side of the p-barrel as the catalytic and 
the calcium-binding site, in the vicinity of both. Insect a-amylases are closely related to 
mammalian a-amylases (Strobl et al., 1997). The most striking difference between 
mammalian and insect a-amylases is the presence of additional loops in the vicinity of the 
active site of the mammalian enzymes (Strobl et al., 1998a). a-Amylases are the most 
important digestive enzymes of many insects that feed exclusively on seed products 
during larval and/or adult life. When the action of the amylases is inhibited, nutrition of 
the organism is impaired causing shortness in energy. 

3. Proteinaceous a-amylase inhibitors from plants 

a-AIs are abundant in microorganisms, higher plants, and animals (Da Silva et al., 2000; 
Toledo et al., 2007). These organisms produce a large number of different protein inhibitors 
of a-amylases in order to regulate the activity of these enzymes, a-Amylase inhibitors can be 
extracted from several plant species including legumes (Marshall and Lauda, 1975; 
Ishimoto et al., 1996; Grossi-de-Sa et al., 1997) and cereals (Abe et al., 1993; Feng et al., 1996; 
Yamagata et al., 1998; Franco et al., 2000; Iulek et al., 2000). Diverse a-amylase inhibitors 
reveal different characteristics against various a-amylases (Franco et al., 2002). In Table 1 
inhibitory activity of aAIs from different sources are reviewed. a-AIs are naturally used by 
plants as a defense mechanism against insect pests (Ishimoto et al., 1989; Kluh et al., 2005). 
Moreover, there is a great interest to use a-AIs for control of insect pest and also to use them 
for production of transgenic plants that are resistant against insect pest (Gatehouse et al., 
1998; Chrispeels et al., 1998; Gatehouse and Gatehouse, 1998; Valencia et al., 2000; Yamada 
et al., 2001). Inhibitors to insect a-amylase have already been demonstrated to be an 
important biological system in the control of insect pests (Franco et al., 2002; Carlini and 
Grossi-de-Sa', 2002; Svensson et al., 2004). The expression of a-amylase inhibitors has been 
showed to be effective in transgenic plants. The expression of the cDNA encoding aAl-I 
into some plants such as pea ( Pisum sativum L.) and azuki bean (Vigna anguralis L.) against 
bruchid beetle pests (Coleoptera: Bruchidae) has been well documented for showing ability 
of these inhibitors to be used as plant resistance factors against some species of insect pests 
(Ishimoto et al., 1989; Yamada et al., 2001; Kluh et al., 2005). Pea and azuki transgenic plants 
expressing a -amylase inhibitors from common beans (a-AI) were completely resistant to 
the Bruchus pisorum and Callosobruchus chinensis weevils (Morton et al. 2000). Rye a-amylase 
inhibitor expressed in transgenic tobacco seeds ( Nicotiana tabacum ) caused 74% mortality in 
Anthonomus grandis first instar larvae when transgenic seed flour mixture used in artificial 
diet (Dias et al., 2010). 
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a-Amylase 

inhibitor 

Plant origin 

Target pest 

Test 

condition 

Reference 

aBIII 

Secale cereale 

Anthonomus grandis 
Acanthoscelides obtectus, 
Zabrotess subfasciatus and 

transgenic 

tobacco 

In vitro 

(Dias et al, 2005, 
2010 ) 

Ric c 1 and 

Ric c 3 

Ricinus communis 

Callosobruchus maculatus, 
Zabrotes subfasciatus, 
Tenebrio molitor 

Feeding 

assay 

(Do Nascimento 
et al, 2011) 

Baru seed 

extract 

Dipteryx alata 

Callosobruchus maculatus 

In vivo 

(Bonavides et al, 
2007) 

a-AI-1 
and a-AI2 

Phaseolus 

coccineus 

Hypothenemus hampei 

Tecia solanivora 

In vitro 

(V alencia-Jimenez 
et al, 2008) 

aAI-Pcl 

Phaseolus 

coccineus 

Hypothenemus hampei 

Transge 
nic plant 

(de Azevedo et 
al.,2006) 

a-AIl, a-AI2 

Phaseolus vulgaris 

coffee berry borer pest 
Callosobruchus maculatus 
Callosobruchus chinensis 
Zabrotes subfasciatus 
Sitophilus oryzae 
Acanthoscelides obtectus 
Cryptolestes ferrugineus 
Cryptolestes pusillus 
Oryzaephilus surinamensis 
Sitophilus granarius 

Tribolium castaneum 

T. castaneum 

Drosophila melanogaster 
Sarcophaga bullata 

Aedes aegypti 

Monomorium pharaonis 

Apis mellifica 

Venturia canescens 

Ephestia cautella 

E. elutella 

E. kuehniella 

Manduca sexta 

Ostrinia nubilalis 

Blattella germanica 

Liposcelis decolor 

Acheta domesticus 

Eurydema oleracea 
Graphosoma lineatum 

Transge 
nic plant 
In vivo 

(Barbosa et al, 
2010; Solleti et al, 
2008; Nishizawa 
etal, 2007; 
Ignacimuthu,and 
Prakash, 2006; 
Kluh et al, 2005) 

VuDl 

Vigna unguiculata 

Acanthoscelides obtectus and 
Zabrotes subfasciatus 

In vitro 

(Pelegrini et al, 
2008) 

VrDl 

Vigna radiata 

Tenebrio molitor 

In silico 

(Liu et al., 2006) 

KPS1 

Vigna radiata 

Callosobruchus Maculatus 

In vivo 

(Wisessing, 2010) 
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a-Amylase 
inhibitor 

Plant origin 

Target pest 

Test 

condition 

Reference 

DR1-DR4 

Delonix regia 

Callosobruchus maculatus 
Anthonomus grandis 

In vivo 

(Alves, 2009) 

(AI)-l and 
(AI)-l 

Pisum sativum 

Bruchus pisorum 

Transge 
nic plant 

(De Sousa-Majer, 
et al„ 2007) 

CpAI 

Carica papaya 

Callosobruchus maculatus 

In vivo 

(Farias, et al., 

2007) 

a-AIs from 

Triticum 

aestivum 

Triticum aestivum 

Eurygaster integriceps 
Tenebrio molitor 

Rhyzopcrtha dominica 
Callosobruchus maculates 

In vitro 

In vivo 

(Mehrabadi et al., 
2010 , 2012; 
Zoccatelli et al., 
2007; Cinco- 
Moroyoqui et al., 
2006; Amirhusin, 
etal., 2004) 

0.19 AI 

0.53 AI 

Triticum aestivum 

Acanthoscelides obtectus 

In vivo 

(Franco et al., 

2005) 

Bill 

Secale cereale 

Acanthoscelides obtectus, 
Zabrotess subfasciatus 
Anthonomus grandis 

In vivo 

In vitro 

(Dias, et al., 2005; 
Oliveira-Neto et 
al., 2003) 

SP All-SPAM 

Ipomoea batatas 

Araecerus fasciculatus 
Sitophilus oryzae 

Cylas formicarius 
elegantulus 

Tribolium castaneum 

In vitro 

(Rekha, et al., 

2004) 

TAI1/TAI2 

Cl 54, Cl 78, 
C249, C439, 
C487 

Colocasia 

esculenta 

Araecerus fasciculatus 
Sitophilus oryzae 

Cylas formicarius 
elegantulus 

Tribolium castaneum 

In vitro 

(Rekha, et al., 

2004) 

a-PPAI and 

a-ZSAI 

Ficus sp. 

Callosobruchus maculatus 
Zabrotes subfasciatus 

In vitro 

(Bezerra et al., 
2004) 

PpAl 

Pterodon 

pubescens 

Callosobruchus maculatus 

In vivo 

(Silva et al., 2007) 


Table 1. Plant a-amylase inhibitors and their activities against insect pests (literature review 
since 2002). 

3.1 Plant a-amylase inhibitor classes 

Based on structural similarity, there are six different proteinaceous a-amylase inhibitors 
with plant origin including lectin-like, knottin-like, CM-proteins, Kunitz-like, c-purothionin- 
like, and thaumatin-like (Richardson, 1990) (Table 2). 
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Inhibitor 

class 

Plant 

origin 

Target 

Residues 
number (aa) 

Names 

References 

Legum 

lectin-like 

Common 

bean 

Insect, 

Mammalian, 

Fungal 

240-250 

aAIl, aAI2 

(Marshall and Lauda, 

1975; Ho and Whitaker, 
1993) 

Knottin- 

like 

Amaranth 

Insect 

32 

AAI 

(Chagolla-Lopez et al., 
1994) 

Kunitz- 

like 

Wheat, 

Barley, 

Rice, 

maize, 

cowpea 

Insect, Plant 

176-181 

BASI, 

RASI, 

WASI 

(Mundy et al., 1983; 1984; 
Swensson et al, 1986; 
Ohtsubo and Richardson, 
1992; Iulek et al., 2000; 
Alves et al., 2009) 

Y- 

Purothioni 

n 

Sorghum 

Insect, 

Mammalian 

47-48 

Slal, SIa2, 
SIa3 

(Bloch Jr and Richardson, 
1994) 

Thaumatin 

-like 

Maize 

Insect 

173-235 

Zeamatin 

(Schmioler-O'Rourke and 
Richardson, 2001; Franco 
et al., 2002) 

CM- 

proteins 

Wheat, 

Barley, 

Rey, ragi 

Insect, 

Mammalian, 

Bacteria 

124-160 

0.19,0.28 
,0.53, RATI 
(RBI), 

RP25, 

WRP26, 

BMAI-1 

(Campos and Richardson, 
1983; Mundy et al., 1984; 
Franco et al., 2000,2002; 
Swensson et al., 2004) 


Table 2. Classification of plant a-amylase inhibitors based on structural similarity 
(Richardson, 1990). 


3.1.1 Lectin-like inhibitors 

There have been particular attentions on lectin-like inhibitors and they are toxic against 
several insect pests (Ishimoto and Kitamura, 1989; Huesing et ah, 1991a; Ishimoto and 
Chrispeels, 1996; Grossi-de-Sa et al., 1997, Kluh et al,., 2005; Karbache et al., 2011). aAI-1 and 
aAI-2, Two lectin-like inhibitors, were identified in common white, red and black kidney 
beans (Ishimoto and Chrispeels, 1996;). They show different specificity against a-amylases 
because of the mutation in their primary structure (Grossi de Sa et al, 1997). aAI-1 inhibits 
mammalian a-amylases and several insect amylases, but it is not active against Mexican 
bean weevil ( Zabrotes subfasciatus). On the other hand, aAI-2 does not inhibit the a-amylases 
recognized by aAI-1 but inhibits the a-amylase of Z. subfasciatus (Ishimoto an d Chrispeels, 
1996; Kluh et al., 2005). 

3.1.2 Knottin-like inhibitors 

The major a-amylase inhibitor (AAI) present in the seeds of Amaranthus hypocondriacus, is a 
32-residue-long polypeptide with three disulfide bridges (Chagolla-Lopez et al., 1996). AAI 
strongly inhibits a-amylase activity of Tribolium castaneum and Prostephanus truncates, 
however, does not inhibit proteases and mammalian a-amylases. AAI is the smallest prot 
einaceous inhibitor of a-amylases yet described. Its residue conservation patterns and 
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disulfide connectivity are related to the squash family of proteinase inhibitors, to the 
cellulose binding domain of cellobiohydrolase, and to omega-conotoxin, i.e. knottins. The 
three-dimensional model of AAI contains three antiparallel p strands and it is extremely rich 
in disulfides (Carugo et al., 2001). 

3.1.3 Kunitz-type 

Kunitz-like a-amylase inhibitors commonly found in cereals such as barley, wheat and rice 
(Micheelsen et al., 2008; Nielsen et al., 2004). Recently, they have also reported from legums, 
e.g. Cowpea (Vigna unguiculata ) (Alves et al., 2009). Kunitz-like a-amylase inhibitors from 
Cowpea were active against both insect and mammals a-amylase with different intensity 
(Alves et al., 2009). a-Amylase/subtilisin inhibitors (BASI) are the most studied inhibitors of 
the Kunitz-like trypsin inhibitor family (Melo et al., 2002), that have bifunctional action i.e. 
as a plant defense and also as a regulator of endogenous a-amylase action (Micheelsen et al., 
2008; Nielsen et al., 2004). The structure of BASI consists of two disulfide bonds and a 12- 
stranded p-barrel structure which belongs to the p-trefoil fold family. The interaction of 
Kunitz-like a-amylase inhibitors with the barley a-amylase 2 (AMY2) revealed a new kind 
of binding mechanisms of proteinaceous a-amylase inhibitors since calcium ions modulate 
the interaction (Melo et al., 2002). 

3.1.4 y - Purothionin type 

The members of this family contain inhibitors with 47 - 48 amino acid residues that show 
strongly inhibition activity against insect a-amylases (Bloch Jr and Richardson, 1991). SIa-1, 
SIa-2 and SIa-3 are three isoinhibitors isolated from Sorghum bicolor and showed inhibitory 
activity against digestive a-amylases of cockroach and locust, poorly inhibited A. oryzae 
a-amylases and human saliva. These inhibitors did not show inhibitory activity on the a- 
amylases from porcine pancreas, barley and Bacillus sp. (Bloch Jr and Richardson, 1991). The 
three isoforms contain eight cyctein residues forming four disulfide bonds (Nitti et al., 1995). 

3.1.5 CM- proteins 

CM (chloroform-methanol)-proteins are a large protein family from cereal seeds containing 
120 -160 amino acid residues and five disulfide bonds (Campos and Richardson, 1983; 
Halfor d et al., 1988). Cereal-type is also refers to these inhibitors since they are present in 
cereals. CM-proteins show a typical double-headed a-amylase/trypsin domain (Campos 
and Richardson, 1983). This feature make it possible that they show inhibitory activity 
against a-amylases (Barber et al., 1986a) and trypsin-like enzymes (Barber et al., 1986b; De 
Leo et al., 2002) separately or show a-amylases/ trypsin-like inhibitory activity at the same 
time (Garcia- Maroto et al., 1991). The CM protein family includes lipid transfer proteins 
(Lerche and Poulsen , 1998; Svensson et al ., 1986) and proteins related to cold tolerance 
(Hincha, 2002). The a-amylase inhibitor 0.19, one of the most studied inhibitor of this family, 
has a broad specificity and inhibits a-amylases from insects, birds and mammal (Titarenko 
et al., 2000; Franco et al., 2000; Franco et al., 2002; Oneda et al., 2004). It has 124 amino-acid 
residues and acting as a homodimer (Oda et al., 1997; Franco et al., 2000). The X-ray 
crystallographic analysis of 0.19 Al demonstrated that each subunit is composed of four 
major a-helices, one one-turn helix, and two short antiparalell p-strands. The subunits in a 
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dimer are related each other by non-crystallographic 2-fold axis, and the interface is mainly 
composed of hydrophobic residues (Oda et al, 1997). 

3.1.6 Thaumatin-like 

This family contains proteins with molecular weight about 22 kDa, which are homologous 
with the intensely sweet protein thaumatin from fruits of Thaumatococcw daniellii Benth, 
thus they are called thaumatin-like (Cornelissen et al., 1986; Vigers., 1991; Hejgaard et al., 
1991). Although thaumatin-like proteins is a homologue of the sweet protein thaumatin and 
exhibit a-amylase inhibitory activity, however, thaumatin and other related proteins do not 
show inhibitory activity against a-amylases (Franco et al., 2002; Svensson et al., 2004 and 
references therein). Zeamatin from maize is the best-characterized member of this family 
which inhibits insect but not mammalian a-amylases. Zeamatin has 13 p strands, 11 of 
which form a p sandwich at the core of protein (Batalia et al., 1996). Zeamatin has been 
applied as antifungal drugs because it binds to p-l,3-glucan and permeabilizes fungal cells 
resulting in cell death (Roberts and Selitrennikoff, 1990; Franco et al., 2000). 

4. Insect digestive proteinases 

Proteinases, which are also known as endopeptidases, enroll an important function in 
protein digestion. These enzymes begin the protein digestion process by breaking internal 
bonds in proteins. The amino acid residues vary along the peptide chain, therefore, different 
kind of proteinases are necessary to hydrolyze them. Based on active site group and their 
correspond mechanism, digestive proteinases can be classified as serine, cysteine, and 
aspartic proteinases (Terra and Ferreira, 2012). Serine, cysteine are the most widespread 
proteinases in insect digestive system. 

Serine proteinases (EC 3.4.21) have the active site composed of serine, histidine, and aspartic 
acid residues (also called catalytic triad). Trypsin (EC 3.4.21.4), chymotrypsin (EC 3.4.21.1), 
and elastase (EC 3.4.21.36) are the major digestive enzymes of this family that usually work 
at alkhalin pH. These enzymes differ in structural features that are associated with 
their different substrate specificities. Trypsin are endoproteases that attack proteins at 
residues of arginine and lysine. Generally, insect trypsins have molecular masses in the 
range 20-35 kDa, pi values 4-5, and pH optima 8-10 (Terra and Ferreira, 2012). Trypsin 
occurs in the majority of insects, with the remarkable exception of some hemipteran species 
and some taxa belonging to the series Cucujiformia of Coleoptera like Curculionidae 
(Terra and Ferreira, 1994). Nevertheless, some heteropteran Hemiptera have trypsin in the 
salivary glands (Zeng et al. , 2002). Chymotrypsin enzymes attack proteins at aromatic 
residues (e.g., tryptophan). Insect chymotrypsins usually have molecular masses of 20-30 
kDa and pH optima of 8-11 (Terra and Ferreira, 1994). Similar to trypsin, chymotrypsin is 
also distributed in the majority of insects (Terra and Ferreira, 1994), including those purified 
from Lepidoptera (Peterson et al., 1995; Volpicella et al., 2006), Diptera (de Almeida et 
al., 2003; Ramalho-Or tigao et al., 2003), Hemiptera (Colebatch et al., 2002), Hymenoptera 
(Whitwor th et al., 1998), Siphonaptera (Gaines et al., 1999) and Coleoptera (Oliveira- 
Neto et al., 2004; Elpidina et al., 2005). 

Cysteine proteinases occur in the digestive system of insects (Rawlings and Barrett, 1993). 
These enzymes are also found in other tissue of insects, indicating that they are associated 
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with other functions in insect (Matsumoto et al, 1997). Cysteine proteinases have their 
optimum activity in the alkaline range (Bode and Huber, 1992; Oliveira et ah, 2003). It has 
been revealed that cathepsin L-like enzymes are the only quantitatively important member 
of cysteine proteinases presented in midgut of insects. Digestive cathepsin L-like enzymes 
have been purified from Diabrotica virgifera (Coleoptera: Cucujiformia) (Koiwa et al, 
2000), Acyrthosiphon pisum (Hemiptera: Sternorrhyncha) (Cristofoletti et al, 2003), T. 
molitor (Coleoptera: Cucujiformia) (Cristofoletti et al., 2005), Sphenophorus levis (Coleoptera: 
Curculionidae) (Soares-Costa et al, 2011; Fonseca et al, 2012), and Triatoma brasiliensis 
(Reduviidae, Triatominae) (Waniek et al., 2012). 

5. Proteinase inhibitors from plants 

Pis are a natural plant defensive mechanism against insect herbivores which were viewed 
as promising compounds for developing insect resistance transgenic crops that over-express 
Pis (Gatehouse, 2011). Pis have found in animals, plants (particularly legumes and cereals), 
and microorganisms. Most storage organs such as seeds and tubers contain 1-10% of their total 
proteins as Pis with different biochemical and structural properties inhibiting different types 
of proteases (Volpicella et al., 2011). Pis play an important role in different physiological 
functions of plants including as storage proteins, and regulators of endogenous proteolytic 
activity (Ryan, 1990), modulators of apoptotic processes or programmed cell death (Solomon 
et al., 1999), and defense components associated with the resistance of plants against insects 
and pathogens (Lu et al., 1998; Pemas et al., 1999). Green and Ryan (1972) pioneer works 
revealed the roles of Pis in the plant-insect interaction. They showed induction of plant Pis in 
response to attack of insects and pathogen and named this induction as "defense-response" of 
the plant against the pests. Production of Pis that inhibit digestive herbivore gut proteases 
inspired the field of plant- insect interactions and became an outlandish example of induced 
plant defenses. Since then, several Pis of insect proteinases have been identified and 
characterized (Garcia-Olmedo et al. 1987; Lawrence and Koundal 2002). Despite insects that 
feed on sap or seeds, most phytophagous insects are nutritionally limited by protein 
digestion.Since plant tissues are nitrogen deficient compared to insect composition, and the 
main source of nitrogen available to the insect is protein (Gatehouse, 2011). Therefore, their 
proteinases have an important role in digestion of proteins and maintaining of needed 
nitrogen. Inactivation of digestive enzymes by Pis results in blocking of gut proteinases that 
leads to poor nutrient utilization, retarded development, and death because of starvation 
(Jongsma and Bolter 1997; Gatehouse and Gatehouse, 1999). 

There have been considerable number of reviews on plant Pis describing their classification 
(Turra et al., 2011; Volpicella et al., 2011), biochemical and structural properties (Antao and 
Malcata, 2005; Bateman and James, 2011; Oliva et al., 2011), their role in plant physiology 
(Schaller, 2004; Salas et al., 2008; Roberts and Hejgaard, 2008), insect-plant co-evolution 
(Jongsma and Beekwilder, 2011), and their application in different areas including pest 
control (Lawrence and Koundal, 2002; Gatehouse, 2011), nutritional (Clemente et al., 2011) 
as well as pharmaceutical (Gomes et al., 2011) applications. 

5.1 Plant proteinase inhibitors classes 

Pis are classified based on the type of enzyme they inhibit: Serine protease inhibitors, 
cysteine protease inhibitors, aspartic protease inhibitors, or metallocarboxy-protease 
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inhibitors (Ryan, 1990; Mosolov, 1998; Bode and Huber, 2000). Plant serine proteinase 
inhibitors further sub-classified to a number of subfamilies based on their amino acid 
sequences and structural properties known as Kunitz type, Bowman-Birk type. Potato I 
type, and Potato II type inhibitors (Bode and Huber, 1992). The families of Pis could not, 
however, be grouped on the basis of the catalytic type of enzymes inhibited, since a 
number of families contain cross-class inhibitors. Despite cysteine and metallocarboxy 
inhibitor families, all other reported families of Pis contain inhibitors of serin proteases. 
(Volpicella et al., 2002). The proteins in Kunitz-like family, for instance, generally inhibit 
serine proteinases, besides they also include inhibitors of cysteine and aspartate proteases 
(Heibges et al., 2003). There are some exceptions, however, that Pis families may have not 
inhibitors of serine proteases such as aspartic protease inhibitors in Kunitz and cystein 
families and also potato cystein protease inhibitors that belongs to Kunitz family (Volpicella 
et al, 2002). 

6. Transgenic plants expressing digestive enzyme inhibitors 

It seems obvious that the prospective amylase and proteinase inhibitors can function as a 
biotechnological tool for the discovery of novel bioinsecticides or in the construction of 
transgenic plants with enhanced resistance toward pests and pathogens. 

Since Johnson et al. (1989) expressed proteinase inhibitors in transgenic tobacco providing 
enhanced resistance against Manduca sexta larvae, hundreds of reports have been produced 
in this specific issue. As previously described, proteinase inhibitors could act on the 
digestive enzymes of insect herbivores reducing food digestibility. Attempts to achieve this 
defense mechanism in plants, genetic engineering have used over-expression of both 
exogenous and endogenous proteinase inhibitors (Gatehouse, 2011). 

Among several targets, Lepidopteran has been clearly focused, since they are important 
groups of crop insect-pests in the world. Until now the only commercially accessible 
transgenes for control of these insect pests encode Cry Bacillus thuringiensis (Bt) toxins and 
the Vip3Aa20 toxin (United States Environmental Protection Agency, 2009). Several trials 
have been performed by using proteinase inhibitors. For example the mustard trypsin 
inhibitor (MTI-2) was expressed at different levels in transgenic tobacco, Arabidopsis and 
oilseed rape lines. The three plants were challenged against different lepidopteran insect- 
pests, including Plutella xylostella (L.), which was extremely sensible to MTI-2 ingestion 
being completely exterminated (de Leo et al., 2001). Furthermore MTI-2 was also expressed 
at different levels in transgenic tobacco lines and was further appraised by feeding of the 
lepidopteran larvae, Spodoptera littoralis (de Leo and Galerani et al., 2002). A surprising 
result was obtained. S. littoralis larvae feed on transgenic tobacco expressing MTI-2 were 
unaffected.However, significant reduction on fertility was obtained suggesting that multiple 
effects could be obtained with a single proteinase inhibitor. In this view, several research 
groups have produced and evaluated transgenic plants synthesizing proteinase inhibitors 
and attacked by Lepidoptera pests. Among inhibitors expressed in transgenic plants were 
NaPI, the Nicotiana alata proteinase inhibitor and also the multidomain potato type II 
inhibitor that is produced at enhanced levels in the female reproductive organs of N. alata 
(Dunse et al., 2010). The individual inhibitory domains of NaPI target trypsin and 
chymotrypsin, from digestive tract of lepidopteran larval pests. While feeding on NaPI, 
dramatically reduced the Helicoverpa punctigera growth, surviving larvae exhibited high 
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levels of chymotrypsin resistant to inhibition by NaPI. In order to solve this problem, NaPI 
was expressed in synergism with Solanum tuberosum potato type I inhibitor (StPinlA), which 
strongly inhibited NaPI-resistant chymotrypsins. The mutual inhibitory effect of NaPI and 
StPinlA on H. armigera larval growth was observed both in laboratory conditions as well as 
in field trials of transgenic plants. 

Iimproved crop protection achieved using mixtures of inhibitors in which one class of 
proteinase inhibitor is utilized to contest the genetic ability of an insect to adapt to a 
additional class of proteinase inhibitor. Furthermore, amylase inhibitors have also been 
utilized as defense factors against insects in genetic modified plants. Several amylase 
inhibitors have been expressed in different plants. However the expression of a-amylase 
inhibitors (a-AI) from scarlet runner bean (Phaseolus coccineus) and common bean ( Phaseolus 
vulgaris) has been extremely protective in genetic modified plants, showing enhanced 
shelter against pea weevils (Shade et al., 1994; Schroeder et al., 1995), adzuki bean (Ishimoto 
et al, 1996), chickpea (Sarmah et al., 2004; Ignacimuthu et al, 2006, Campbell et al, 2011) 
and cowpea (Solleti et al., 2008). Furthermore, transgenic pea showed enhanced defense 
against the pea weevil Bruchus pisorum was shown under field conditions (Morton et al., 
2000). All these trials associated the a-AI expression with the seed-specific promoter of 
phytohemagglutinin from P. vulgaris. 

Moreover other crops, in addition to legumes, were also transformed with amylase 
inhibitors. The Rubiacea Coffea arabica was also engineered with a-AIl under control of 
phytohemagglutinin promoter (Barbosa et al., 2010). The presence of this gene was observed 
by PCR and Southern blotting in six regenerated transgenic T1 coffee plants. 
Iimmunoblotting and ELISA experiments using antibodies against a-AIl revealed the 
presence of this inhibitor at a concentration of 0.29 % in seed extracts. The presence of this 
inhibitor was able to cause a clear inhibitory activity on digestive enzymes of Hypotenemus 
hampei suggesting a possible protective effect. 

Also, an a-amylase inhibitor from cereal-family (Bill) from rye ( Secale cereale) seeds was also 
cloned and expressed initially in E. coli showing clear activity toward a-amylases of larvae 
of the coleopteran pests Acanthoscelides obtectus, Zabrotess subfasciatus and Anthonomus 
grandis (Dias et al. 2005). Bill inhibitor was also expressed under control of 
phytohemaglutinin promoter in tobacco plants ( Nicotiana tabacum). Besides, the occurrence 
of Bill-rye gene and further protein expression were confirmed. Immunological analyzes 
indicated that the recombinant inhibitor was produced in concentration ranging from 0.1% 
to 0.28% (w: w). Bioassays using transgenic seed flour for artificial diet caused 74% mortality 
for cotton boll weevil A. grandis suggesting that rye inhibitor could be an auspicious 
biotechnological tool for yield transgenic cotton plants with an improved resistance to 
weevil (Dias et al., 2010). 

7. Summary 

While important protection against insect pests has been routinely achieved, the transgenic 
plants do not show levels of resistance considered commercially possible. As a consequence 
of selective pressures, insect herbivores have developed various adaptation mechanisms to 
overcome the defensive effects of plant inhibitors. Common polyphagous crop pests are 
well adapted to avoid a wide range of different inhibitors, which have only limited effects. 
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Multiple strategies have been attempted to improve effectiveness of digestive enzyme 
inhibitors towards insects, including selection for inhibitory activity toward digestive 
enzymes, mutagenesis for novel inhibitory activity, and engineering multifunctional 
inhibitors. However, digestive enzyme inhibitors have only been used in genetic modified 
crops in mishmash with other insecticidal genes. In genetically engineered cotton plants 
which express Bt toxins, the CpTI gene has been employed as an additional transgene to 
improve protection against lepidopteran larvae. This gene combination indicates the only 
commercial disposition of a proteinase inhibitor transgene to date, with Bt/CpTI cotton 
grown on over 0.5 million hectares in 2005. Until now, no amylase inhibitor was 
commercially utilized. Future predictions for using digestive enzyme inhibitor genes to 
boost insect resistance in transgenic crops will require reconsideration of their mechanisms 
of action, particularly in disturbing processes other than ingestion. 
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